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Abstract 
 
YAQIANG WANG: Macromolecular Crowding and Protein Chemistry: Views from 
Inside and Outside Cells 
(Under the direction of Professor Gary J. Pielak, Ph.D.) 
 
The cytoplasm is crowded, and the concentration of macromolecules can 
reach ~ 300 g/L, an environment vastly different from the dilute, idealized 
conditions usually used in biophysical studies.  Macromolecular crowding arise 
from two phenomena, excluded volume and nonspecific chemical interactions, 
until recently, only excluded volume effect has been considered.  Theory predicts 
that this macromolecular crowding can have large effects.  Most proteins, 
however, are studied outside cells in dilute solution with macromolecule 
concentrations of 10 g/L or less.  In-cell NMR provides a means to assess protein 
biophysics at atomic resolution in living cells, but it remains in its infancy, and 
several potential challenges need to be addressed.  One challenge is the inability 
to observe 15N-1H NMR spectra from many small globular proteins. 
19F NMR was used to expand the application of in-cell NMR.  This work 
suggests that high viscosity and weak interactions in the cytoplasm can make 
routine 15N enrichment a poor choice for in-cell NMR studies of globular proteins 
in Escherichia coli.  To gain insight into this problem, I turned to in vitro 
experiments where conditions can be controlled with precision.  Using both 
synthetic polymers and globular proteins, I studied the effects of crowding on the 
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diffusion of the test protein, chymotrypsin inhibitor 2.  The results not only 
pinpoint the source of the problem – nonspecific chemical interactions – but also 
suggest that proteins are more suitable mimics of the intracellular environment. 
I also measured the stability of ubiquitin in solutions crowded with 
synthetic polymers or globular proteins to further elucidate the role of nonspecific 
chemical interactions under crowded conditions.  The increased stability 
observed in synthetic crowders was consistent with a dominant entropic role for 
excluded volume, but the effect of protein crowders depended on charge.  
Protein-induced crowding increased stability when the sign of the net charge of 
the crowder was the same as that of ubiquitin, but decreased stability when the 
proteins were oppositely charged.  The results indicate that synthetic polymers 
do not provide physiologically relevant insights and that the overall effect of 
macromolecular crowding depends on the winner of the near stalemate between 
excluded volume and nonspecific interactions. 
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Chapter 1 - Introduction 
 
The material in this chapter is a review paper from:  
Wang Y, Li C, and Pielak GJ, In-cell magnetic resonance spectroscopy, 
Chinese Journal of Magnetic Resonance, in press 
 
1.1 Introduction 
The environment inside cells is exceptionally complex and contains 
macromolecules at concentrations exceeding 300 g/L and volume occupancies 
of 30%,1 vastly different from the dilute, idealized conditions usually used in 
biophysical studies.  Until recently, however, most protein studies were still 
performed in vitro and in dilute solutions, conditions that can provide beautiful, 
but perhaps physiologically irrelevant, data.  New techniques for examining 
protein biophysics under physiological conditions are needed to help us fully 
understand protein function.  In-cell NMR provides a means to investigate 
proteins in their native environment.2  
Protein resonances in living cells were first observed four decades ago,3 
but in-cell NMR has enjoyed wide spread attention only in the last ten years.4, 5  
The main reason for the revived interest is the adoption of isotopic enrichment 
and labeling techniques that allow the protein of interest – the test protein – to be 
easily distinguished from other intracellular components.  The most popular 
methods for accumulating these proteins in prokaryotic cells such as Escherichia 
2 
 
coli is overexpression.6-21  In contrast, however, expression levels in eukaryotic 
cells are too low to be useful for NMR.  Thanks to translocation22 and 
microinjection,23-31 isotopically labeled protein can be accumulated in these cells, 
although microinjection is limited to relatively large cells such as the oocytes (~ 1 
mm diameter32).  
In-cell NMR is the only technique that provides atomic-level information 
about protein biophysics in living cells.  It has been used for structure 
determination,21 protein folding studies,14, 33 drug screening,34 and for assessing 
macromolecular interactions6, 11, 35 and post-translational modifications,36-38 and 
even for examining nucleic acids.15, 39  These applications have been recently 
reviewed.40-43  Here, we focus on the limitations and potential pitfalls of in-cell 
NMR, and then discuss recent advances.     
 
1.2 Limitations 
Surprisingly, few globular proteins have yielded decent in-cell NMR 
spectra.[12, 42, 44, 45]  The quality of high resolution NMR spectra depends on the 
line width of the resonances, because narrow resonances are easy to detect.  
The degree of line broadening depends on both the homogeneity of the sample 
and the global tumbling of the test protein.   
1.2.1 Homogeneity 
Line broadening arises from the inhomogeneous nature of the in-cell 
samples.  First, the nonuniform cell distributions in these densely packed 
samples degrade the homogeneity of the magnetic field, resulting in shim/pulse 
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imperfections.[23, 46]  Second, the cytoplasm is a highly anisotropic and organized 
environment.[47, 48]  This “cellular anisotropy” also leads to inhomogeneous 
broadening that can vary from resonance to resonance in the test protein.[7]  
It is difficult, however, to separate the contribution of heterogeneity to 
those from chemical exchange and viscosity.  Fortunately, the difference in 
resonance widths between 15N transverse relaxation optimized spectra (TROSY) 
and anti-TROSY spectra, ΔΔυTAT, is independent of chemical exchange and 
sample inhomogeneity.[49]  The Gierasch group performed glycerol titrations on 
the purified protein G B1 domain (GB1, 6 kDa) to examine the viscosity 
dependence of ΔΔυTAT and found a linear relationship.[44]  The apparent 
intracellular viscosity in the E. coli cell can be estimated from this linear 
relationship.  Viscosity also can be estimated from 1HN linewidths.[50] Their data 
indicated that the viscosity estimated from ΔΔυTAT is 30% lower than the viscosity 
estimated from the 1HN linewidths.  This result implies that heterogeneity arising 
from the intracellular environment accounts for <30% of the resonance 
broadening.  Therefore, tumbling-related effects appear to dominate line 
broadening. 
1.2.2 Global Tumbling 
Factors that affect the rate of global tumbling include molecular weight, 
viscosity, and nonspecific interactions.44, 51-54   
1.2.2.1 Molecular Weight 
One potential obstacle to solution NMR is molecular weight. The smaller 
the protein, the easier it is to detect by NMR because smaller proteins tumble 
4 
 
more quickly than larger proteins. The globular protein tumbling rate is also 
known as global correlation time, τc. When expressed in ns, τc in dilute solution is 
approximately 0.6 times of the molecular weight (kDa) of the protein.[50]  Proteins 
less than 30 kDa can provide quite decent 1H-15N heteronuclear single quantum 
coherence (HSQC) spectra in dilute solution, but not in cells. On the other hand, 
disordered proteins, such as α-synuclein (14 kDa) and FlgM (10 kDa), give high-
quality spectra inside cells.[14, 55]  Barnes et al. recently produced a histidine-
tagged fusion of the globular human ubiquitin and the disordered human α-
synuclein in E. coli.  Although the apparent molecular weight of the fusion is 29 
kDa, the authors obtained high-quality in-cell spectra, but only from the  α-
synuclein portion of the fusion.8   
Globular proteins, however, tell a different story.  The N-terminal metal-
binding domain of mercuric ion reductase (NmerA, 7 kDa), the third PDZ domain 
(PDZ3, 7 kDa), barley chymotrypsin inhibitor 2 (CI2, 8 kDa), ubiquitin (9 kDa), 
and cytochrome c (12 kDa) are invisible in cells.[8, 12, 16, 44]  In contrast, the 
structure of TTHA1718 (7 kDa) within E. coli was determined by in-cell NMR.[21, 56]  
Additionally, HSQC spectra of GB1 (6 kDa), and even the GB1-GB1 fusion 
protein have been observed inside cells.[12, 44, 57]   
Taken together, these results suggest that molecular weight is not the 
reason why most globular proteins are undetectable in cells. As discussed in the 
next two sections, the intrinsic properties of intracellular environment explain the 
undetectability of most globular proteins.  
1.2.2.2 Viscosity 
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The key difference between intracellular and dilute solution conditions is 
the high concentration of macromolecules, including proteins, nucleic acids and 
ribosomes in cells.[1] The intracellular viscosity that arises from these high 
concentrations has been reported to be between 2 and 10 times that of water.[44, 
58, 59]   
To examine the effect of viscosity on protein resonances, glycerol, 
synthetic polymers and proteins were used to mimic the viscous cellular 
conditions.[53, 54]  A typical high-quality CI2 spectrum was obtained in solution 
containing 350 g/L glycerol.  The result was not surprising because the viscosity 
of the glycerol solution is only 2.9 cP.  High-quality CI2 spectra, however, were 
also observed in 300 g/L solutions of the synthetic polymers polyvinylpyrrolidone 
40 (PVP) and Ficoll 70 (Ficoll), whose viscosities are 54 cP and 24 cP, 
respectively.  Even though the viscosities of synthetic polymer solutions are 10 
times larger than those of glycerol at similar g/L-concentrations, the line widths of 
CI2 resonances in synthetic polymers do not dramatically increase.[54]   
Using proteins as crowding agents led to remarkably different results.  The 
viscosities of 300 g/L solutions of lysozyme, ovalbumin, and bovine serum 
albumin (BSA) are all less than 5 cP.  The spectra, however, were severely 
degraded in protein solutions, although a few backbone resonances were 
detected in 300 g/L BSA.  A similar result was observed in cell lysates containing 
200 g of protein per liter.  Synthetic polymers are “inert” macromolecules, while 
proteins have charge on their surface. The data suggest not only that viscosity 
alone cannot explain the undetectability of most globular proteins, but also that 
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the weak, nonspecific chemical interactions between CI2 and protein crowding 
agents fundamentally affect the protein resonances.  
1.2.2.3 Nonspecific Interactions  
To test the idea that weak, nonspecific interactions cause globular test 
proteins to be undetectable, we examined backbone 15N relaxation of CI2 in the 
presence of different crowding agents. The longitudinal relaxation time, T1, and 
the transverse relaxation time, T2, are affected by both viscosity, τc, and 
temperature, but the product of 1/T1 and 1/T2 (R1R2) is constant at a given 
temperature and magnetic field strength when the product of the Larmor 
frequency and the τc is much greater than unity.[60]  Thus, the R1R2 is a useful tool 
for assessing weak intermolecular interactions.[52]   
For unbound CI2, R1R2 should equal 19.6 s-2 at 600 MHz.[52]  Larger 
values indicate its involvement in larger assemblies.  The average values of R1R2 
for data acquired in glycerol and synthetic polymers implied that the 
intermolecular interactions are weak.  In contrast, values from experiments with 
protein crowders and the cell lysate indicated that these crowders interact more 
strongly with CI2. These results pointed to nonspecific chemical interactions as 
the source of the difference between CI2 in solutions crowded by synthetic 
polymers and in solutions crowded by proteins. Importantly, these results also 
strongly suggest that nonspecific interactions limit the detectability in in-cell NMR.  
Several independent observations from computational and experimental 
studies support this idea. Feig and Sugita examined the crowding effect by using 
molecular dynamics simulations of CI2 in the presence of BSA and lysozyme.[61]  
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Their data confirmed the experimental observation[54] that CI2 interacts with BSA 
and lysozyme. Another computational simulation of protein diffusion in the E. coli 
cytoplasm also highlighted the importance of protein-protein interactions.[62]  
Crowley et al. showed that cytochrome c (13 kDa, pI 10) is undetectable 
by in-cell NMR.[12]  Size-exclusion chromatography results indicated that the 
apparent molecular weight of the protein in lysates is >150 kDa, a value much 
too large for conventional NMR.  The data suggest that cytochrome c interacts 
with E. coli cytolic proteins. These nonspecific interactions can be eliminated by 
elevated concentrations of NaCl.  In addition, inverting the surface charge on 
cytochrome c allowed observation of 1H-15N HSQC spectrum in cells.  
In summary, it appears that nonspecific interactions between test proteins 
and intracellular proteins are the dominant factors leading to the undetectability 
of most globular proteins in cells.  The average isoelectric point of proteins in E. 
coli is around 6,[47] which mean that most proteins are polyanions at physiological 
pH (~7.6)[63].  For GB1 (pI 4.5), which is a negatively charged at intracellular pH, 
the resulting repulsive interactions enable GB1 to behaves like a monomer, and 
so can be observed by in-cell NMR.[12, 44, 57]  For positively charged protein, such 
as cytochrome c ( pI 10), an attractive interaction is expected. It is therefore not 
surprising that cytochrome c is undetectable because its “stickiness” increases its 
apparent size, increasing τc.[12]  The introduction of charge-inversion mutations 
converted the attractive interactions to repulsive interactions, thereby making 
cytochrome c spectra visible in the E. coli cytoplasm.[12]  
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1.3 Potential Pitfalls 
Overexpression is the most widely used approach for accumulating the 
millimolar concentrations of the test proteins that are required to obtain 
interpretable in-cell NMR spectra.  As discussed above, the crowded cellular 
environment, however, may cause such severe resonance broadening that the 
test protein is undetectable despite its high concentration.  Under these 
conditions, even small amounts of have leaked protein will cause artifacts.[45, 64, 65]  
In another words, the observed “in-cell resonances” might come from test protein 
that leaked into the cell culture media. Therefore, it is always necessary after 
acquiring an in-cell NMR spectrum to separate carefully the cells and the cell 
media by centrifugation and examine the media for the presence of the test 
protein.  
To investigate the connection between protein leakage and in-cell NMR, 
Barnes and Pielak studied four proteins, human α-synuclein, E. coli HdeA, CI2, 
and human ubiquitin using E. coli strain BL-21(DE3).[66] The cell slurry 
supernatants were examined after 1.5 h and 3.0 h of induction by using the 1H-
15N band-Selective Optimized Flip-Angle Short-Transient heteronuclear multiple 
quantum coherence (SOFAST-HMQC)[67] experiment.  The results showed that 
α-synuclein and ubiquitin do not leak.  HdeA and CI2 spectra, however, were 
visible 3.0 h postinduction, suggesting they leaked. The intracellular 
concentration data showed that the expression levels of HdeA and CI2 are 
significant higher than these of α-synuclein and ubiquitin.  The results indicated 
that leakage becomes a problem when the test protein is expressed at 
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concentration exceeding 50 fg/cell, which correspond to ~20% of total 
intracellular protein.[68]  
Leakage can be avoided by using alternative expression systems and E. 
coli strains.  Take CI2 for example. We did not observe CI2 resonances in cells 
when the protein is under the control of the araBAD promoter rather than T7 
promoter.[16]  Expressing CI2 using the less efficient trifluoromethyl-L-
phenylalanine expression system and expressing CI2 in E. coli strain DH10B 
also prevented leakage.[16]  
Leakage can also be a problem upon storage of the cells. Freezing cells 
prior to in-cell NMR studies has been recommended.[10]  We prepared a 15N-
enriched ubiquitin sample for in-cell experiments then stored the sample at -20 
oC overnight.  The cells were thawed and used to collect an “in-cell” spectrum. 
The results showed that the HSQC spectrum of ubiquitin, which is undetectable 
in a fresh sample, is visible after storage.[16]  Storing the sample at -80 oC gave 
the same result.  Adding 10% (v/v) glycerol decreased, but did not always 
prevent, leakage.  Cells should not be stored prior to in-cell experiments. 
 
1.4 Future Directions  
As discussed above, the complex and crowded intracellular environment 
slows the tumbling of test proteins, broadening their resonances.  Nevertheless, 
the utility of in-cell NMR continues to expand thanks to new isotope enrichment 
and labeling techniques and magic angle spinning.  Additionally, electron 
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paramagnetic resonance (EPR) with its high sensitivity and low background has 
opened a new door to understanding protein biophysics in cells. 
1.4.1 Specific Labeling and Enrichment 
To overcome the interference of strong background signals and the line 
broadening caused by slow tumbling of test protein inside cells, selective labeling 
and enrichment strategies as well as new pulse sequences to enhance the size 
limitation for solution NMR are especially needed to develop for in-cell NMR.  In 
principal, existing labeling and enrichment techniques and pulse sequences 
designed for studying large macromolecules can be used for in-cell NMR.  13C-1H 
HSQC spectra of [methyl-13C] methionine enriched proteins have been 
successfully used to study calmodulin and FKBP in the bacterium cytoplasm.[19]  
[Methyl-13C] enrichment of methyl containing amino acids and deuterium 
enrichment with TROSY based pulse sequences used to investigate the structure 
and dynamics of large protein complexes and molecular machinery should be 
applicable for in-cell NMR.  In addition to [methyl-13C] enrichment, 13C-detection 
NMR experiments of 13C, 15N enriched protein also provide valuable 
complementary information about protein structure and dynamics in cells.[9] 
19F is another attractive nucleus for in-cell NMR because of its high natural 
abundance, high detectability, and the fact that fluorine is not found in native 
proteins.  One dimensional 19F spectra of various proteins have been obtained in 
bacteria[16, 69] and yeast,[70-72] even when they cannot be observed by using the 
conventional 15N-1H HSQC experiment.  Given the sensitivity of its chemical shift 
and relaxation to conformational and dynamical changes, 19F NMR will be a 
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sensitive probe for monitoring protein-protein interactions and chemical reactions 
in cells.[15, 16, 20, 33] 
1.4.2 Magic Angle Spinning 
When target proteins are water insoluble (e.g., membrane proteins and 
protein fibrils) or their tumbling rate is too slow for solution NMR study, solid state 
magic angle spinning (MAS) NMR may be a good choice for obtaining high 
resolution spectra in complex environments. As discussed above, ~30% of line 
broadening for in-cell GB1 spectra can be attributed to contribution from chemical 
exchange and inhomogeneity.[44] For inhomogeneous samples, line broadening 
caused by magnetic susceptibility and residual anisotropic interactions can be 
removed by MAS.  To date, MAS NMR has been used to observe test protein 
resonances in inclusion bodies and in native cell membranes without 
purification.[73, 74]  The feasibility of  MAS NMR for in situ detection of the human 
LR11 transmembrane domain in native E. coli membranes were demonstrated by 
using 13C-13C homonuclear correlation experiments.[73]  There was little 
interference from lipids and other E. coli membrane proteins, and approximately 
50% of the resonances from transmembrane residues could be assigned.  Fgp41 
was also studied by MAS NMR in lyophilized whole cells by amino acid 
type 13CO and 15N enrichment of recombinant protein in inclusion bodies.[74]  In 
both cases, advanced labeling and enrichment strategies and multi-dimensional 
heteronuclear MAS NMR were required to further characterize the structural and 
dynamical properties of these proteins in whole cells.[73, 74] 
1.4.3 In-cell EPR 
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Electron paramagnetic resonance (EPR), also called electron spin 
resonance, was first observed by Zavoisky, who used it to examine transition 
metal complexes.[75]  Since that time, especially in conjunction with spin labeling 
strategies, EPR has become a powerful tool for studying the structure and 
dynamics of nucleic acids,[76] peptides,[77] proteins[78] and viruses[79] in solution.   
The non-invasive nature of EPR spectroscopy makes it an ideal approach 
for investigating living systems. In-cell EPR has two main advantages over in-cell 
NMR.  First, lower concentrations can be used because EPR is much more 
sensitive per spin than NMR.  Often µM or lower concentrations are useful, 
compared to mM concentrations for NMR.  Second, since EPR only detects 
unpaired electron spins, there is no background from diamagnetic molecules.[80-83]  
The latter is particular important because, as mentioned above, in cell 
experiments are often hampered by the presence of many different cellular 
components.   
Double electron–electron resonance (DEER) is a pulsed, two-frequency 
EPR technique for the determination of relatively long distances (from 1.5 to 8.0 
nm) between electron spin centers, and has been used to study proteins.[84, 85]  
Igarashi et al. demonstrated the feasibility of DEER experiments for distance 
measurements of site-directed spin labeled proteins in Xenopus laevis oocytes.[82]  
Recently, in-cell EPR has been expanded to the study of nucleic acids, both RNA 
and DNA, in Xenopus laevis oocytes.[81, 83] 
The applicability of in-cell EPR, however, is limited to relatively large cells 
such as the oocytes because microinjection is difficult for smaller cells. One way 
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around this problem would be to use alternatives methods, such as cell 
penetrating peptides,[22] for transporting the labeled protein into cells, although 
the short half-lives of spin labels in the cellular environment may be limiting. 
Fortunately, Azarkh et al. evaluated the reduction kinetics of two structurally 
different spin labels, the five membered heterocyclic ring nitroxide PCA (3-
carboxy-2,2,5,5-tetramethylpyrrolidinyl-1-oxy) and its six membered ring analog 
TOAC (2,2,6,6-tetramethylpiperidine-N-oxyl-4-carboxilic acid) in oocyte cell 
extracts.[80]  The results indicated that PCA is more stable than TOAC and that 
the latter is a suitable spin label for in-cell EPR.  
 
1.5 Conclusions 
We are in the post-reductionist era of biochemistry,[86] where the ultimate 
goal of biologists is to study biomolecules in their natural cellular environment. In-
cell NMR can help us reach this goal. Although there are concerns and 
limitations, the recent developments described here will expand the application of 
in-cell NMR.  
 
 
 
 
 
Chapter 2 – In-cell 19F NMR  
 
The material in this chapter is from:  
Li C, Wang GF, Wang Y, Creager-Allen R, Lutz EA, Scronce H, Slade KM, 
Ruf RA, Mehl RA, Pielak GJ, Protein 19F NMR in Escherichia coli, Journal of the 
American Chemical Society, 2010, 132(1):321-327 
(CL, GFW, YW and GJP designed research; CL, GFW, YW, RCA, EAL, HS, 
KMS and RAR performed research; CL, GFW, YW and GJP analyzed data; RAM 
provided reagents; CL, GFW, YW, and GJP wrote the paper.) 
 
2.1 Introduction 
Most proteins function inside cells under crowded and complex conditions, 
where the concentration of macromolecules can reach ~400 g/L.1, 66, 85  Studying 
proteins in their cellular context, although difficult, is important for understanding 
how environments affect functions.  In-cell NMR provides a means to assess 
protein structure, function, and interactions with other proteins, DNA, and small 
molecules at atomic resolution in living cells.2, 6, 10, 14, 19, 22, 23, 31, 34, 42, 86-91  
Recently, the high-resolution NMR structure of a small, 66-residues protein in the 
cytosol of Escherichia coli has been reported.21 
The success of in-cell NMR experiments depends on overcoming several 
obstacles.  As currently practiced, in-cell NMR in E. coli requires protein over 
expression, which may lessen its biological significance.  Current practice also 
requires growth on nutrients enriched in NMR-active nuclei, usually 15N or 13C.  
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Normal metabolism of these nutrients causes a background spectrum that 
obscures signals from the protein being studied.  Proteins that leak from the cell 
also cause artifacts.45  Furthermore, the crowded intracellular environment 
broadens resonances from globular proteins, lowering the sensitivity of NMR 
experiments.  For instance, specific methyl labeling, a technique typically used 
only for large proteins, was required to obtain sufficient long-range structure 
restraints for the small protein cited above.  Augustus et al. showed that the 
repressor protein MetJ is completely undetectable in E. coli because of weak, 
non-specific DNA binding,6 and indetectability has been reported for other 
globular proteins.42  
Because natural proteins contain no fluorine, this 100% abundant spin-½ 
nucleus with its high sensitivity (83% of 1H), spectral simplicity, and large 
chemical shift range is attractive for protein NMR in vitro and in cells.92-95  19F in-
cell NMR was first applied to detect protein mobility in the yeast Saccharomyces 
cerevisiae,68-70 and a preliminary study has been reported in E. coli.67  Here we 
describe detailed studies using this bacterium.  
We examine one disordered and five globular proteins containing both 15N 
and/or 19F.  More specifically, we incorporate the fluorinated amino acid analogue, 
3-fluorotyrosine (3FY), and trifluoromethyl-L-phenylalanine (tfmF) into proteins 
ranging in size from 7 to 100 kDa.  
 
2.2 Materials and Methods 
2.2.1 Expression Systems   
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The ubiquitin (UBQ),10 calmodulin (CAM),96 and α-synuclein (αSYN) 
expression systems were gifts from Alexander Shekhtman (State University of 
New York at Albany), Anthony Persechini (University of Missouri, Kansas City), 
and Peter Lansbury (Harvard), respectively.  pET28a plasmids (Novagen) 
containing the gene for the truncated chymotrypsin inhibitor 2 (CI2)97 or the 
PDZ398 domain were a gift from Andrew Lee (University of North Carolina at 
Chapel Hill).  The GFP and histidinol dehydrogensase (HDH) expression system 
has been described.58, 67  For 15N enrichment, the plasmids were transformed 
into BL-21(DE3-Gold) competent cells.  The CAM, CI2, and PDZ3 transformants 
were spread onto Luria broth agar plates containing 60 µg/mL kanamycin, and 
the others were spread onto plates containing 60 µg/mL ampicillin.  
2.2.2 15N Enrichment and 3FY Labeling   
The procedure was similar to that described by Khan et al.99 and Li et al.94  
Ten mL of Luria-Bertani (LB) media (10 g Bacto-Tryptone, 5 g Bacto-yeast 
extract and 10 g NaCl in 1 L of H2O) containing the appropriate antibiotic were 
inoculated with a single colony and incubated overnight at 37 oC with shaking at 
250 rpm.  These overnight cultures were added to 100 mL of Tryptone-Yeast 
media (16 g/L Bacto-tryptone, 10 g/L Bacto-yeast extract, 5 g/L NaCl, 1 mM 
NaOH) containing antibiotic.  These pre-cultures were grown with shaking at 37 
oC until the absorbance at 600 nm (A600) reached between 0.8 and 1.0.  The pre-
cultures were pelleted at 25 oC for 10 min at 1,600g.  One L of 15N-enriched M9 
media100 plus 1 mL of 1 mg/L thiamine HCl was used to resuspend the cell pellet.  
This culture was grown with shaking at 37 oC to an A600 of 0.4.  Seventy mg of 3-
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fluoro-D, L-tyrosine (96%, Lancaster), 60 mg of L-phenylalanine (Sigma), 60 mg 
of L-tryptophan (Sigma) and 0.5 g of N-(phosphonomethyl)glycine (96%, Sigma) 
were dissolved in 1 L of media.  This mixture was added 30 min before induction.  
The induced culture was grown overnight with shaking at 37 oC. 
2.2.3 tfmF Labeling   
Amber stop codons (TAG) were were incorporated at the sites for the tfmF 
labeling by using site-directed mutagenesis (QuickChange, Stratagene) of the 
target genes, which are present in the arabinose-inducible expression vector, 
pBAD.  The labeling procedure was similar to that described by Hammill et al.101  
A single DH10B colony containing both the appropriate pBAD and pDule-tfm-Phe 
vectors was picked from an ampicillin/tetracycline plate and used to inoculate 50 
mL of LB media containing 100 mg/L ampicillin and 25 mg/L tetracycline.  The 
culture was grown overnight at 37 °C with shaking at 250 rpm.  A 2.5 mL sample 
of the saturated overnight cultures was added to 500 mL of warm arabinose 
autoinduction medium101 and the culture was shaken (250 rpm) at 37 °C for 1 h.  
tfmF was added to a final concentration of 1 mM after 30 min from a 100 mM 
stock solution prepared by dissolution in 20 mM NaOH.  The cultures were 
shaken at 37°C for additional 40 h (A600 ~5).  Cells were harvested by 
centrifuging at 1,200g for 20 min.   For in-cell NMR studies, 100 mL cultures were 
centrifuged at 1,200g for 20 min, washed twice with 100mL of LB and 
resuspended in 1 mL of LB.   
2.2.4 Purification 
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α-Synuclein.  The protein was purified as described,102 except that the 
freeze-thaw step was eliminated.  Purity was assessed by using SDS-PAGE and 
its expected molecular weight was confirmed with mass spectrometry (NanoESI-
MS).  
PDZ3.  The 15N-enrichment procedure was similar to that described by 
Serber et al.103  Luria Bertani (100 mL) media containing 60 µg/mL kanamycin 
was inoculated with a single colony and incubated overnight at 37 oC with 
shaking at 250 rpm.  The overnight culture was pelleted for 10 min at 1600g 
(Sorvall RC-5B, GSA rotor).  One L of 15N-enriched Spectra 9 media (Cambridge 
Isotope Laboratories, Inc.) containing the antibiotic was used to resuspend the 
cell pellets.  This culture was grown with shaking at 37 oC to an A600 nm of 0.8.  
Expression was induced with isopropyl-β-D-thiogalactoside at a final 
concentration of 1 mM, and allowed to proceed for four h.  
2.2.5 Preparing for in-cell NMR  
Cultures (usually ~100 mL) were centrifuged at 1,200g for 30 min at room 
temperature.  The cell pellets were resuspended in 2 mL of LB media.  The 
samples, comprising 90:10 mixtures of cell slurry:D2O, were placed in 5 mm 
NMR tubes for data acquisition.  Supernatants were collected by centrifugation 
(Eppendorf, model 5418, 2,000g for 10 min) after the experiments to assess 
leakage.45  The pellets were resuspended in buffer (50 mM Tris, pH 8.0) to a final 
volume of 1 mL.  Lysates were made from the resuspended pellets by sonication 
(Fisher Scientific, Sonic Dismembrator Model 500) on ice for 10 min with a duty 
cycle of 2 s on, 5 s off.  The lysate was collected after centrifugation at 16,000g 
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for 10 min.  Viscosities were measured with a Viscolite 700 viscometer 
(Hydramotion Ltd., England). 
2.2.6 NMR  
15N-1H-HSQC spectra were acquired on a cold-probe equipped Varian 
Inova 500 MHz spectrometer at 25 oC.  The 1H dimension had a sweep width of 8 
401 Hz and comprised 1024 complex points.  The 15N dimension has a sweep 
width of 2200 Hz and comprised 64 complex points.  The data were processed 
with NMRPipe104 and NMRDraw.105  19F spectra were acquired at 37 oC on a 
Varian Inova 600 MHz spectrometer equipped with a 5 mm 19F(H) z-gradient 
probe.  The spectra comprised 128 to 2048 transients, a 30 kHz sweep width, 
and a 2 s delay before acquisition.  19F chemical shift are referenced to 
trifluoroethanol at 0 ppm.   
2.2.7 Protein Concentration  
Purified proteins were used as standards.  The concentration of each pure 
protein was measured spectrophotometrically [ubiquitin, ε280nm = 1280 cm-1M-1;106 
PDZ3, ε280 nm = 2560 cm-1M-1 107 calmodulin, ε276nm = 3300 cm-1M-1;108 GFP, ε475 
nm= 32500 cm-1M-1 (as reported by the manufacturer)]. 
For each culture, 1 mL aliquots were centrifuged at 16,000g for 10 min 
after induction.  The pellets were resuspended in 20 mM potassium phosphate 
buffer (pH 7.5).  The proteins in lysates and standards were resolved by 
electrophoresis on 10-20% gradient SDS polyacrylamide gels (Criterion, Bio-Rad) 
for 65 min at 200 V. Gels were analyzed by Coomassie staining with a VersaDoc 
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MP imager (Bio-Rad).  Quantity-One software (Bio-Rad) was used to quantify the 
band intensities. 
The concentration of the protein under study in the NMR tube, Ctube, was 
determined from the SDS PAGE experiment described above.  Cell densities in 
the NMR tube, C, were determined by serial dilution and plating.  The protein 
concentration in cells, Ccell, was calculated from the equation: 
  
€ 
Ccell =
Ctube
C ∗Vcell
 
Vcell is the volume of an E. coli cell [1×10-15 L109].  Measurements were performed 
in triplicate. 
2.2.8 Protein Localization  
Two methods, osmotic shock110, 111 and osmotic shock plus lysozyme,112 
were used to determine the location of expressed protein. 
 
2.3 Results  
2.3.1 3FY-Labeled, 15N-Enriched αSYN   
There are four tyrosines in this 140 residue, intrinsically disordered protein, 
one at position 39 and three near the C-terminus, at positions 125,133 and 136.  
We labeled all these residues with 3FY. As shown in Figure 2.1A, the 19F 
spectrum of the cell slurry shows a broad protein resonance at ~-60 ppm and a 
sharp resonance from free 3FY at -59.6 ppm.  The assignment of the αSYN 
resonance was confirmed by comparison to the spectrum of the purified protein.  
The assignment of the free 3FY resonance was confirmed by comparison to the 
supernatant spectrum.  The 15N-1H HSQC spectrum of the cell slurry (Figure 
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2.1B) shows numerous αSYN crosspeaks, consistent with previous work.55, 88  To 
check for leakage, we subjected the cell slurry to centrifugation and examined 
the supernatant.  The presence of only the free 3FY resonance in the 19F 
spectrum (Figure 2.1C) and the near absence of crosspeaks in the HSQC 
spectrum (Figure 2.1D) indicate that little or no αSYN had leaked.  The cells were 
then lysed by sonication, the cellular debris removed by centrifugation, and the 
clear supernatant examined by NMR.  The 19F resonances sharpened (Figure 
2.1E), revealing three protein peaks that shifted upfield by ~0.1 ppm.  The 19F 
spectrum has been assigned.94  The middle peak comprises 3FY resonances 
from residues 39 and 125.  The crosspeaks in the HSQC spectrum of the lysate 
are sharper than those from the cell slurry but the spectrum is essentially 
unchanged.  The limited chemical shift dispersion of the 19F and 1H resonances 
show that αSYN is disordered in cells, consistent with other work.55, 88  
2.3.2 tfmF-Labeled αSYN   
To overcome the incomplete resolution of the four 19F resonances from 
3FY labeled tyrosines in cells (Figure 2.2A), we labeled the protein with tfmF at 
three of the four tyrosines by using an orthogonal aminoacyl synthase system.67  
Before performing in-cell NMR experiments, we assessed the system by 
purifying the labeled protein (Figure 2.2B) and using mass spectrometry to 
confirm the expected 52 Da increase in mass, from 14461 to 14513 Da.  The 
peak at 14555 is labeled and acetylated protein. 
The in-cell 19F spectra for proteins labeled at positions 39, 125 and 133 
are shown as green traces in Figure 2.2D.  The tfmF 39 resonance is broader 
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than the tfmF 125 and 133 resonances in the cell slurry.  The resonances from 
the lysates and from the purified proteins are narrower and shift upfield by ~0.1 
compared to those from the cell slurry.  Only a free tmfF resonance is observed 
in the supernatants, showing that the protein does not leak.   
2.3.3 19F-Labeled, 15N-Enriched UBQ   
This 8 kDa globular protein has one tyrosine.  Figure 2.3A shows the 19F 
spectrum of the cell slurry.  The spectrum contains a sharp free 3FY resonance 
and a broad protein resonance.  The identity of these resonances was confirmed 
by comparisons to spectra of the purified protein and supernatant.  Figure 2.3B 
shows the HSQC spectrum from the slurry.  Only metabolite signals63 are 
observed.  Figure 2.3C and 3D show the 19F and HSQC spectra from the 
supernatant collected immediately after the in-cell NMR experiment.  Only the 
free 3FY resonance is present in the 19F spectrum, and the HSQC spectrum is 
nearly blank.  These observations show that UBQ has not leaked from the cells.  
The cells were then lysed.  The 19F lysate spectrum (Figure 2.3E) shows a single 
sharp protein resonance and the HSQC spectrum (Figure 2.3F) closely 
resembles that of pure UBQ.113   
We also collected HSQC data on the globular, 11 kDa PDZ3 domain of 
PSD9598, 114 in cells.  Like UBQ, the PDZ3 domain is expressed at mM levels 
(Figure 2.4 and Table 2.1) but its HSQC spectrum cannot be obtained from the 
cell slurry.  The protein signals, however, appear upon lysis (Figure 2.5).   
We do not understand our inability to reproduce the published results on 
UBQ, which has been reported to yield high resolution spectra in E. coli.10, 38  Our 
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use of a different growth medium is not the reason because we obtain similar 
results to those shown in Figure 2.3 when we use the media described in the 
publications.  We also tried expressing the protein at different temperatures 
without success.  Our studies were conducted on a cold-probe equipped 500 
MHz instrument.  Lack of sensitivity does not explain our inability to detect UBQ 
in cells because we obtain the same results with a cold-probe equipped 700 MHz 
spectrometer.  
Freezing cells prior to in-cell NMR studies has been suggested.10  We 
prepared another 15N-enriched UBQ sample for in-cell experiments but stored the 
sample at -20 oC overnight.  The sample was thawed and used to collect an in-
cell spectrum.  The spectrum of native UBQ,113 which is not observed in a fresh 
sample (Figure 2.3B), is visible in the previously frozen sample (Figure 2.6).  
Storing the sample at -80 oC gives the same result.  Adding 10% (v/v) glycerol 
decreases, but does not always prevent, leakage.  We conclude that cells should 
not be frozen if they are to be studied by using in-cell NMR.  
2.3.4 19F-Labeled, 15N-Enriched CI2   
This 7 kDa globular protein has one tyrosine.  Figure 2.7A shows the 19F 
spectrum of 3FY-labeled cell slurry.  Three resonances are observed.  The 
sharpest resonance is from free 3FY.  The other two resonances are from CI2.  
Both have a chemical shift of -59.2 ppm.  One protein resonance is broad, with a 
width at half height of ~1.5 ppm.  The other resonance is sharper and 
superimposed on the broad resonance.  The HSQC spectrum of the cell slurry 
(Figure 2.7B) shows a spectrum almost identical to that of purified CI2.97  The 
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spectrum from the supernatant collected immediately after the in-cell experiment 
contains a resonance from both free 3FY and 3FY-labeled CI2 (Figure 2.7C).  
The HSQC spectrum of the supernatant (Figure 2.7D) is almost identical to the 
spectrum from the cell slurry (Figure 2.7A).  These data show that CI2 has 
leaked from the cells, consistent with previous work.55  After lysis (Figure 2.7E), 
only free 3FY and a single sharp resonance from the labeled protein is observed.  
The HSQC spectrum of the lysate is identical to the HSQC spectrum from the cell 
slurry.  Comparing the three 19F spectra suggests that the broad resonance 
at -59.2 ppm in the cell slurry is intracellular CI2 and the superimposed sharper 
resonance is from CI2 that has leaked from the cells. 
2.3.5 tfmF-Labeled CI2   
Figure 2.8 shows the 19F spectra of CI2 labeled at positions 18 and 42 in 
cells and lysates.  The protein resonances have a width at half height of ~0.20 
ppm in cells.  They shift upfield by 0.15-0.20 ppm and narrow to ~0.03 ppm upon 
lysis.  There are no protein signals from the supernatants collected after the NMR 
experiments, indicating that tfmF-labeled CI2 does not leak.  This result is 
surprising considering the results obtained from the 3FY-labeled protein (Figure 
2.7).  As discussed below, a lower expression level may explain the absence of 
leakage.  The small signals near the free tfmF may be a degradation product of 
labeled CI2 or a tfmF metabolite. 
2.3.6 19F-Labeled, 15N-Enriched CAM   
This 16 kDa two-lobed globular protein has two tyrosine residues.  Figure 
2.9A shows the 19F spectrum of the 3FY-labeled cell slurry.  Three resonances 
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are evident.  The sharp resonance is from free 3FY.  The other two, one on either 
side of the 3FY resonance, are from the protein.  The HSQC spectrum from the 
slurry (Figure 2.9B) shows only metabolite signals.55, 63  Figure 2.9C and D show 
the 19F spectrum and the HSQC spectrum from the supernatant collected 
immediately after the in-cell NMR experiment.  Only free 3FY is observed in the 
19F spectrum, and the HSQC spectrum is nearly devoid of crosspeaks, indicating 
that CAM does not leak from the cells.  Figure 2.9E shows the 19F spectrum of 
the clear lysate.  The broad protein resonances observed in the cell slurry narrow 
on lysis but the width at half height for the broadest resonance is still >0.5 ppm.  
The observation of CAM crosspeaks115 in the HSQC spectrum of the lysate 
(Figure 2.9F) proves that detectable amounts of the protein are present.  The 
HSQC spectrum of the lysate also show that CAM is not fully Ca2+ loaded.116  
2.3.7 3FY-Labeled, 15N-Enriched GFP   
This 27 kDa globular protein contains 12 tyrosines.  The resonances in the 
19F and 15N-1H HSQC spectra are too broad to detect in cells and lysates (Figure 
2.10) but SDS-PAGE analysis and the fluorescence of the samples show that the 
protein is overexpressed (Figure 2.4 and Table 2.1). 
2.3.8 tfmF-Labeled GFP   
tfmF might be a better label for larger proteins because the trifluromethyl 
group adds rotational motion that is independent of molecular tumbling.  The 
green traces in Figure 2.11 show the 19F spectra of GFP labeled at position 39 
and 221 in cells.  The 19F resonances from the two proteins in cells are broad, 
with widths at half height of ~0.4 ppm, but observable.  The corresponding 
26 
 
resonances from the purified protein are narrower, with widths of <0.1 ppm.  The 
only resonance in the supernatant from the cell slurry is from free tfmF, which 
shows that labeled GFP does not leak.  Lysis caused an upfield shift of 0.10 - 
0.15 ppm. 
2.3.9 tfmF-Labeled HDH 
We applied the tfmF labeling method to this 98 kDa homodimer. The 19F 
spectra are presented in Figure 2.12. As shown by comparisons to spectra for 
the purified protein and the supernatant, the sharp resonance in the cell slurry 
spectrum is from free tfmF and the broad resonance (width at half height of ~ 1.0 
ppm) is from HDH. The only resonance in the supernatant is from free tfmF, 
showing that labeled HDH does not leak.  
 
2.4 Discussion 
We used NMR to study six proteins enriched in 15N and/or labeled with 19F 
in E. coli cells.  The proteins are present in the cytoplasm [although some 
αSYN58 and CI2 (Figure 2.13) is periplasmic]. Two 19F labeling strategies were 
used.  One strategy, incorporating 3FY in place of tyrosine, was accomplished by 
expressing the protein in 15N-enriched minimal media containing 3FY, 
phenylalanine, tryptophan, and N-(phosphomonoethyl) glycine.99  The other 
strategy involved an orthogonal tRNA synthase system67 to replace residues with 
tfmF. 
A 1D 19F spectrum can be acquired in minutes (compared to an hour for 
15N-1H HSQC spectra shown here), which allows the study of proteins near their 
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physiological concentrations.  We estimate an intracellular concentration of the 
tfmF-labeled proteins of 50 to 100 µM from the areas of the free tfmF and the 
protein resonances, the tfmF concentration in the media, and the fact that the 
cells occupy half the slurry volume of NMR samples.  This concentration equals 
that of the most abundant soluble E. coli proteins.117, 118  Furthermore, these 19F 
experiments can be performed as a function of time to obtain data on signal 
transduction and metabolism. 
19F labeling is well suited to assess leaking.  Controls must be performed 
to ensure the protein of interest is inside the cells during the NMR experiment.45  
For CI2 (Figure 2.7), we see a sharp 3FY resonance from leaked protein and a 
broad resonance from intracellular protein.  By comparing the signal intensity in 
the supernatant (leaked CI2) to that in the lysate (total CI2) we estimate that 5 - 
10% of the protein leaks from the cells.  Importantly, this small fraction of leaked 
CI2 accounts for 100% of the CI2 signal in the HSQC spectrum of the cell slurry. 
To assess the effect of the expression system on leakage, we repeated 
the experiments in the same E. coli strain [BL21(DE3)] with CI2 under control of 
the araBAD promoter58 rather than the T7 promoter.  We did not observe CI2 
resonances in the HSQC spectrum from the cell slurry, but we did observe CI2 
resonances in the lysate (Figure 2.14).  These experiments confirm the 
indetectability of CI2 spectra in cells and suggest that the expression system 
affects protein leakage.  For our pBAD experiment, however, leaked protein 
might not be detected because CI2 expression was also lower [~0.2 mM 
compared to 1 mM in BL21(DE3)].  We repeated the experiment using strain 
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DH10B, but expression was so low that CI2 crosspeaks were not observable 
even in the lysate.  Additionally, in opposition to what has been recommended,10 
storing cells in the freezer should be avoided.  As we have shown for UBQ 
(Figure 2.6), the freeze-thaw cycle disrupts a fraction of the cells, spilling the 
enriched protein into the surrounding dilute solution.  We have shown elsewhere 
that encapsulating the cells controls leaking.55  In summary, although more 
experiments are required to deconvolute the effects of the expression system, 
expression level, and strain, 19F provides a straightforward assay for leakage. 
19F labeling extends the utility of in-cell NMR for studying intrinsically 
disordered proteins.  For αSYN, we observe both backbone 15N and side 
chain19F signals in cells, although the resonances from the cells are broader than 
those from lysates and dilute samples (Figure 2.1).  Because of the limited 
chemical shift dispersion of disordered proteins, tfmF labeling (Figure 2.2) is 
preferred over 3FY labeling (Figure 2.1) because any natural, ribosomally 
encoded, amino acid can be replaced with tfmF.  Moreover, tfmF labeling 
provides dynamic information.  For αSYN in cells, the tfmF 39 resonance is 
broader than the C-terminal tfmF resonances.  This observation indicates 
constrained motion at position 39, consistent with reports that position 39 has 
residual structure while the C-terminal region is completely disordered.94, 119, 120   
By the same reasoning, the increased width of the tfmF 39 resonance in GPF 
compared to the tfmF 221 resonance (Figure 2.11) indicates that the side chain 
at position 221 is more mobile than the side chain at position 39.  Such dynamic 
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information is masked in dilute solution studies of purified proteins because the 
difference in the intrinsic line width is small in dilute solution.  
Counter to the utility of 15N enrichment for in-cell studies of disordered 
proteins, we do not observe 15N signals from globular proteins in cells.  Similar 
problems have been observed elsewhere,6, 42 and Sakakibara et al. report the 
instance of a 7 kDa globular protein that is amenable to in-cell NMR in one E. coli 
strain, but not another.21  We can exclude several causes for our failure to detect 
the HSQC spectra of the globular proteins studied here.  It is not insufficient 
expression.  The data in Table 2.1 show that the 15N enriched proteins are 
expressed at mM levels, which should allow detection.  We can also rule out 
overexpression because the low concentration of tfmF labeled proteins in cells 
(50-100 µM) relative to 15N-enriched proteins (mM) still leads to broad 19F 
resonances.  Augustus et al.6 showed that DNA binding explains the absence of 
an in-cell HSQC spectrum from the MetJ protein, but this is not a reasonable 
explanation for our results because the proteins are not DNA binders and all 
have pI values of 6.5 or less.  We can rule out insolubility because the proteins 
are found in the supernatant of the lysates, not in the pellets.  Strong membrane 
binding is also excluded because membranes are found in the pellets.  The 
proteins also appear to be mostly, and perhaps completely, in their native states 
because HSQC spectra from lysates of cells expressing UBQ, CI2, CAM, 
apocytochrome b545 and PDZ3 (Figure 2.5) are like those of the native proteins in 
dilute solution.  Even though the HSQC spectrum of GFP is not observed in cell 
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slurries or lysates, we know that GFP is in its native state because the samples 
fluoresce. 
Increased viscosity in cells is one reason for our inability to observe HSQC 
spectra of globular proteins in E. coli.  High viscosity slows molecular tumbling, 
increasing the breadth of crosspeaks, which decreases their detectability.55  The 
measured viscosity of the clear supernatants from the lysates is 2 - 4 fold times 
that of water.  Since we did not add liquid during lysis, we can use the protein 
concentration in the cells and the lysate (Table 2.1) to estimate that the 
cytoplasm is diluted 1.5 - 3.0 fold in the lysates.  Combining these ranges, and 
assuming a direct relationship between viscosity and concentration, gives a 
crude estimated intracellular viscosity of 3 - 12 times that of water. 
The Stokes-Einstein-Debye equation121 predicts a direct linear correlation 
between viscosity and the apparent molecular size of globular proteins.  If we 
assume this equation is valid inside cells, the apparent molecular weight of UBQ, 
the smallest protein studied here, would be 24 - 96 kDa.  The lower value is 
compatible with the detection by the NMR methods we used, but the upper value 
is too large to yield an HSQC spectrum of the protein.  This increase in apparent 
molecular weight will be even greater for the larger proteins.  In summary, if our 
assumptions are valid, the increased viscosity in cells can explain our inability to 
detect globular proteins.  At least one assumption, however, is suspect. 
The Stokes-Einstein-Debye relationship breaks down in cells and in 
lysates because the definition of the viscosity assumes that the species 
increasing the viscosity (the viscogen) is infinitely smaller than the test molecule.  
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This definition is valid in systems comprising small viscogens (like glycerol) and a 
globular test protein, but it is invalid in cells where the viscogens and the test 
protein are approximately the same size.  Such macromolecular crowding can 
cause negative deviation from the Stokes-Einstein-Debye law, at least when 
synthetic polymers are used as crowding agents.53  That is, increases in viscosity 
will decrease the tumbling rate by a smaller amount than is predicted by the 
equation.  Given this negative deviation, the apparent molecular sizes will be less 
than the estimates given above, providing confidence that if viscosity were the 
only factor, we should have observed at least the smallest protein, UBQ, in cells. 
We suggest that nonspecific interactions also contribute to our inability to 
detect globular protein HSQC spectra in E. coli cells.  There is precedence for 
the idea that weak, nonspecific interactions are a feature of the cellular interior.  It 
was suggested in the 1930s that the cells might be highly organized, and in the 
1940s the complete enzymic repertoire of the Krebs cycle was isolated as a 
whole.122  Recent NMR studies indicate that 50% of the proteins in bacterial cells 
are completely immobile123 and that nonspecific interactions occur in vitro when 
proteins are used as crowding agents.52  In summary, we suggest that a 
combination of increased viscosity and nonspecific protein interactions explains 
our inability to obtain high-quality solution-state NMR spectra from globular 
proteins in E. coli. 
19F labeling not only facilitates leakage detection, but also overcomes the 
problem of detecting small globular proteins in cells (e.g., Figure 2.3, Figure 2.8).  
Even though the 3FY resonances in UBQ, CI2 and CAM are broad, they are 
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detectable in cells.  We attribute this detectability to the low background and high 
sensitivity afforded by 19F and the limited number of labels in the proteins.  The 
width of 3FY resonances in UBQ, CI2, and CAM were used to estimate rotational 
correlation times of ~40 -100 ns for the rotational correlation times.99  These 
values represent a 10-fold increase in correlation time compared to dilute 
solution.  Such an increase is also consistent with our inability to detect 
crosspeaks from 15N-enriched globular proteins in cell slurries. 
For larger globular proteins like GFP, even the 19F resonances from 3FY 
are too broad to observe (Figure 2.10).  A clue to overcoming this problem came 
from our work on disordered proteins.  NMR spectra of disordered proteins are 
observable in cells because the disorder facilitates internal protein motions.55  
These motions are almost completely damped by the inherent order of globular 
proteins, such that global protein motion of globular proteins determines the line 
width of their resonances,124 and hence their detectability. 
We reasoned that the independent internal motion of the trifluoromethyl 
group of tfmF would sharpen the 19F resonances, thereby facilitating the 
detection of larger globular proteins.  This prediction is borne out.  Resonances 
from tfmF-labeled GFP and HDH are observed in cells (Figure 2.11 and Figure 
2.12).  Furthermore, as expected, the 19F peak width of tfmF is molecular weight 
dependent, increasing from 0.2 ppm for CI2 to 0.5 ppm for GFP, to ~0.6 ppm for 
the 48 kDa homodimer, nitroreductase,67, 101 and ~1 ppm for the 98 kDa 
homodimer, HDH67, 101 (Figure 2.12).  This idea of increased sensitivity via 
increased internal motion is used in the labeling of methyl groups with 13C,19 but 
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tfmF offers the advantage that the labeled compound is less susceptible to 
metabolic scrambling. 
The chemical shift of 19F is sensitive to its environment.  This sensitivity is 
readily seen upon cell lysis.  Lysis causes a ~0.1 ppm upfield shift of resonances 
from the intracellular protein for every protein investigated.  An upfield shift was 
also observed for small 19F containing molecules by Xu et al.125  By comparing 
the 31P to 19F shifts for compounds containing both nuclei, these authors showed 
that the difference between extracellular and intracellular compounds arises 
because of differences in protein hydration inside and outside of cells.  These 
differences in hydration may help explain the changes in protein stability in cells 
compared to the dilute solution.126, 127  
 
2.5 Conclusion 
The high viscosity and weak interactions in the cytoplasm can make 
routine 15N enrichment a poor choice for in-cell NMR studies of globular proteins 
in E. coli.  We demonstrated that 19F labeling is a suitable labeling method for 
studying not only globular proteins but also disordered proteins in cells with 
NMR.  The 19F chemical shift and line width provides site-specific structural and 
dynamics information in cells.  In addition, we have shown that the increased 
motion of tfmF expands the application of in-cell NMR to larger globular proteins. 
Finally, the decreased rotational motion of globular proteins suggests that high 
resolution magic angle spinning128 might be well suited for in-cell NMR. 
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2.6 Tables 
 
Table 2.1 Cell and protein concentration 
Protein MW, kDa 
Cell concentration, 
cells/mL x 10-11 
Protein concentration, mM 
NMR tube cells 
ubiquitin 8.5 6.3 1.8 2.9 
PDZ3 10.8 3.1 1.3 4.2 
calmodulin 16.8 4.9 2.3 4.7 
GFP 26.9 5.9 1.2 2.0 
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2.7 Figures 
 
 
Figure 2.1 19F- and 1H-15N HSQC- spectra of 15N-enriched, 3FY labeled α-
synuclein.  
Panels A and B show in-cell spectra.  The inset in panel A shows the structure of 
3FY.  Panels C and D show spectra of supernatants collected immediately after 
completing the in-cell spectra.  Panels E and F show spectra of supernatants 
from the clear lysates.  The asterisks indicate the free 3FY resonances.  The 
dashed vertical line shows the upfield shift on cell lysis. 
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Figure 2.2 tfmF-labeled α-synuclein. 
Sites of tfmF incorporation in a-synuclein (A).  SDS-PAGE of the three purified 
tfmF labeled α-synucleins (B).  ESI-mass spectrum of tfmF39 labeled α-synuclein 
(C). The inset shows the structure of tfmF.  19F spectra of labeled synuclein (D).  
Spectra from cell slurries are shown in green.  Spectra from clear lysates are 
shown in blue.  Spectra from purified tfmF-labeled proteins are shown in red.  
Spectra from supernatants collected immediately after the in-cell NMR 
experiments are shown in black.  The asterisks indicate the free tfmF resonances. 
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Figure 2.3 19F- and 1H-15N HSQC- spectra of 15N-enriched, 3FY-labeled 
ubiquitin.  
The panels are labeled as described in the caption of Figure 2.1. 
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Figure 2.4 SDS-PAGE of protein expression level in cells.   
Cell lysates were separated on an 18% gel and visualized with Coomassie 
staining.  GFP was also visualized by using fluorescence. 
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Figure 2.5 1H-15N HSQC- spectra of 15N-enriched PDZ3   
Cell slurry (A).  Supernatant collected immediately after completing the in-cell 
spectrum (B).  Supernatant from the cell lysate (C).  
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Figure 2.6 1H-15N HSQC- spectra of an in-cell ubiquitin sample after storage at 
-20 oC overnight. 
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Figure 2.7 19F- and 1H-15N HSQC- spectra of 15N-enriched, 3FY-labeled CI2. 
The panels are labeled as described in the caption of Figure 2.1. 
 
 
42 
 
 
 
 
 
 
 
 
Figure 2.8 19F spectra of tfmF labeled CI2. 
19F spectra of K18tfmF CI2 in cells (green) and lysates (blue)(A),  K42tfmF CI2 in 
cells and in lysates (B), and supernatant collected after the in-cell NMR 
experiments (C). The asterisks indicate the free tfmF resonances. 
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Figure 2.9 19F- and 1H-15N HSQC- spectra of 15N-enriched, 3FY-labeled CAM. 
The panels are labeled as described in the caption of Figure 2.1. 
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Figure 2.10 GFP data.   
Left column: 1H-15N HSQC- spectra of 15N-enriched GFP.  Cell slurry (A). 
Supernatant collected immediately after completing the in-cell spectrum (B).  
Supernatant from the cell lysate (C). 
Right column: 19F spectra of 3FY-labeled GFP in cells (A) and the cell lysate (B).  
The in vitro spectrum of 3FY GFP [from99] is shown below panel B. 
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Figure 2.11 19F spectra of tfmF-labeled GFP. 
19F spectra of tfmF 39 labeled GFP in cells (green) and in purified protein in 
solution (blue) (A), tfmF 221 labeled GFP in cells and purified protein in solution  
(B), and in the supernatants collected after the in-cell NMR experiments (C). The 
asterisks indicate the free tfmF resonances. 
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Figure 2.12 19F spectra of tfmF-labeled histidinol dehydrogenase. 
19F spectra of L225tfmF histidinol dehydrogenase.  In-cell sample (A), purified 
protein (B), supernatant collected after the in-cell NMR experiments (C).  The 
asterisks indicate the resonance from free tfmF.  
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Figure 2.13 Protein location of CI2. 
Aliquots of E. coli [BL-21 (DE3)] expressing CI2 were centrifuged and the pellets 
exposed to osmotic shock (lanes 2, 3) and osmotic shock plus lysozyme (lanes 4, 
5).  The pellets (P) and supernatants (S) were resolved by SDS-PAGE (18% gel) 
with Coomassie staining.  Lane 1 is the untreated cell lysate.  Proteins in the 
supernatants are periplasmic.  Proteins in the pellets are cytoplasmic. 
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Figure 2.14 1H-15N HSQC- spectra of 15N-enriched CI2 expressed from the 
pBAD promoter in BL21(DE3) cells.  
Cell slurry (A).  Cell lysate (Red) and Purified CI2 (blue) (B). 
 
 
 
 
 
 
 
 
 
 
Chapter 3 – Effects of Proteins on protein diffusion  
 
The material in this chapter is from:  
  Wang Y, Li C, Pielak GJ, Effects of Proteins on protein diffusion, Journal 
of the American Chemical Society, 2010, 132(27):9392-9397 
(YW and GJP designed research; YW performed research; YW, CL and GJP 
analyzed data; YW and GJP wrote the paper.) 
 
3.1 Introduction 
Protein diffusion affects many aspects of cell biology, from metabolism to 
signal transduction.  The intracellular environment, however, is complex and 
difficult to study directly.  Most work is performed in solutions where the total 
protein concentration is less than 10 g/L.  These dilute solutions give optimal 
signals, but may lack biological relevance.  Macromolecules occupy up to 30% of 
a cell’s volume and reach concentrations of 100 to 400 g/L.66  Such large volume 
occupancies affect protein stability,97 folding,129, 130 and aggregation,131 but only 
recently has attention been directed to the effects of macromolecular crowding 
on protein diffusion.132, 133  Furthermore, many studies of macromolecular 
crowding use synthetic polymers rather than natural proteins. 
Diffusion is described by the Stokes-Einstein Law, Dt = κT/6πηr, and the 
Stokes-Einstein-Debye law, Dr = κT/8πηr3, where Dt is the translational diffusion 
coefficient, Dr is the rotational diffusion coefficient, η is the solution viscosity, k is 
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the Boltzmann constant, and r is the radius of protein being studied.  These 
relationships are based on the assumption that the protein is much larger than 
the molecule used to increase the viscosity.121, 134, 135 High concentrations of 
macromolecules are expected to cause deviations from the Stokes Laws as the 
macromolecules approach the size of the test protein.  Deviations come in two 
forms.  Negative deviation means that increased viscosity decreases diffusion 
less than predicted, and positive deviation means that increased viscosity 
decreases diffusion more than predicted.  Studies of protein diffusion with 
synthetic polymers as crowding agents show negative deviation for both 
translational and rotational diffusion.136-141  For protein diffusion in protein 
solutions, most efforts have focused on translation, where both positive 
deviation142, 143 and negative deviation136 have been observed. 
The ability to detect a protein by using NMR spectroscopy depends on its 
rotational dynamics, which are reflected in the protein’s rotational correlation time 
(τc).  Increasing the viscosity or the protein size increases the τc, resulting in a 
longer longitudinal relaxation time, T1, and a shorter transverse relaxation time, 
T2.  Long T1 values decrease the sensitivity of experiments and short T2 values 
broaden the resonances.16, 42, 55  Since Dr is proportional to 1/τc, rotational motion 
is reflected in the width of its resonances.   
Here, we use NMR spectroscopy to quantify both the rotational and 
translational diffusion of a 7.4 kDa 15N-enriched globular protein, chymotrypsin 
inhibitor 2 (CI2), as a function of crowder concentration.  These crowders include 
the glycerol, synthetic polymers, globular proteins, and Escherichia coli cell 
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lysates.  We find that proteins and synthetic polymers have dramatically different 
effects on CI2 diffusion.  The difference is caused by weak interactions between 
the proteins that dramatically decrease the rotational motion of CI2.  The results 
not only provide new information about protein diffusion under physiologically 
relevant conditions but also explain the difficulty in obtaining in-cell NMR spectra 
of globular proteins16, 42 and suggest that synthetic polymers are not suitable 
systems for assessing the biological effects of crowding. 
 
3.2 Materials and Methods 
15N-enriched CI2 was expressed and purified as described.55, 97  Chicken 
lysozyme, chicken ovalbumin, bovine serum albumin (BSA), Ficoll 70 (Ficoll) and 
polyvinylpyrrolidone 40 (PVP) were purchased from Sigma-Aldrich and used 
without further purification.  Viscosities were measured with a Viscolite 700 
viscometer (Hydramotion Ltd., England).  Glycerol, PVP and Ficoll were 
dissolved in 50 mM sodium acetate (pH 5.4).  A more concentrated buffer was 
required for proteins crowders.  Lysozyme, ovalbumin and BSA were dissolved in 
200 mM sodium acetate (pH 5.4). 
3.2.1 E. coli Lysates 
Cultures of strain BL21 (DE3) Gold (Stratagene) containing an empty 
pET28a plasmid (Novagen) were grown at 37 oC with shaking in a New 
Brunswick Scientific I26 incubator at 250 rpm in 12, 250-mL Erlenmeyer flasks, 
each containing 100 mL of Luria-Bertani (LB) media (10 g Bacto-Tryptone, 5 g 
Bacto-yeast extract, and 10 g NaCl in 1 L of H2O) and 50 µg/mL kanamycin.  
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Each overnight culture was diluted into 1 L of LB media containing 50 µg/mL 
kanamycin.  After 12 h at 37 oC with shaking at 250 rpm, the cultures were 
harvested by centrifugation at 1200g (Sorvall RC-3B, H6000A) for 30 min at 4 oC.  
The pellets were stored at -20 oC overnight.  Pellets were resuspended in 10 mL 
of distilled and deionized water.  The suspensions were sonicated (Fisher 
Scientific, Sonic Dismembrator Model 500) on ice for 10 min with a duty cycle of 
2 s on, 2 s off.  The lysate was collected after centrifugation at 15000g (Sorvall 
RC-5B, SS-34) for 30 min and lyophilized (Labconco, 7740020).  The protein 
concentration in the re-dissolved lysates (pH 7.4) was determined with a modified 
Lowry assay (Thermo Scientific).  
3.2.2 Relaxation and Diffusion   
The experiments were performed on a 600 MHz Varian Inova 
spectrometer equipped with a standard triple resonance HCN probe with three 
axis gradients at 25 oC.  The relaxation and diffusion experiments were 
performed as described.52, 53  Briefly, translational diffusion was measured by 
using a heteronuclear stimulated echo sequence.144  Gradient strengths ranged 
from 1.2 G/cm to 58.0 G/cm. Rotational diffusion was assessed from the 15N 
T1/T2 ratio acquired with  pulse sequences from the Biopack software supplied 
with the instrument.145  The 1H dimension was acquired with a sweep width of 
12000 Hz and comprised 1024 complex points.  The 15N dimension was acquired 
with a sweep width of 2500 Hz and comprised 64 complex increments.  For T1 
measurements in solutions of 50 and 100 g/L crowders, the relaxation delays 
were 0.01, 0.4, 0.6, 0.7, 0.9, and 1.2 s.  Delays of 0.01, 0.3, 0.4, 0.6, 0.9, 1.2, 
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and 1.5 s were chosen for 200 g/L, and delays of 0.01, 0.4, 0.6, 0.9, 1.3, and 1.8 
s were used for 300 g/L.  For T2 measurements in solution of 50 and 100 g/L, the 
delays were 0.01, 0.03, 0.07, 0.09, 0.15, and 0.21 s.  Delays of 0.01, 0.03, 0.07, 
0.09, 0.11, and 0.19 s were used for the 200 g/L. Delays of 0.01, 0.04, 0.05, 0.07, 
0.09, and 0.11 s were used for 300 g/L.  Eight transients were acquired per 
spectrum.  The data were processed with NMRPipe104 and NMRView.105  
 
3.3 Results 
3.3.1 Crowders  
The properties of CI2 and the crowders are given in Table 3.1.  The 
synthetic polymers comprise PVP and Ficoll.  PVP is a random coil polymer.146 
Its backbone structure is shown in Figure 3.1.  Ficoll, a cross-linked and 
branched derivative of sucrose, is more globular.147  The proteins include BSA, 
ovalbumin, and lysozyme.  
3.3.2 Spectra   
15N-1H heteronuclear single quantum correlation (HSQC) spectra of CI2 
were acquired in aqueous solutions containing 350 g/L glycerol and 300 g/L 
synthetic polymers, proteins, and in rehydrated E. coli lysate.  Different crowders 
have different effects on the spectra.  A typical high quality spectrum52 was 
obtained in glycerol (Figure 3.1A).  High-quality spectra were also observed in 
300 g/L solutions of the synthetic polymers PVP and Ficoll (Figure 3.1B and C).  
The effect of protein crowders of increasing size (Table 3.1) is shown in Figure 
3.1D-F.  Low quality spectra were obtained in 300 g/L BSA, and only side-chain 
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resonances from mobile asparagines and glutamines were observed in lysozyme, 
ovalbumin and cell lysate (Figure 3.1G). 
3.3.3 Diffusion Data  
The pulsed-field gradient experiment used to quantify Dt144 makes no 
assumption about CI2 size.  The method to assess rotational diffusion [i.e., 
T1/T2145] relies on the assumptions that CI2 is rigid and can be treated as a 
sphere.  The first assumption is known to be valid.148 Inspection of the structure 
shows that CI2 has the shape of a typical globular protein,149 and, as discussed 
below, NMR data indicate it can be treated as a sphere. 
Figure 3.2 shows the ratios of the diffusion coefficient in buffer (Db) to that 
under crowded conditions (Dc) as a function of the relative viscosity for various 
crowders.  In these plots, large y-values reflect a large impediment to diffusion.  
As expected, translational diffusion and rotational diffusion of CI2 decrease with 
increasing viscosity.  The behavior in terms of the Stokes Laws, however, 
depends on the crowder.  As observed previously,53 both rotational and 
translational diffusion follow the Stokes Laws in glycerol (Figure 3.2A).  Dividing 
the Stokes-Einstein-Debye equation by the Stokes-Einstein equation yields Dr/Dt 
= 3/4r-2, where r is the apparent CI2 radius.  Consistent with the Stokes Laws, the 
radius from the glycerol data, 1.7 nm, is independent of glycerol concentration 
and compares favorably with the 1.4 nm estimated from the molecular weight 
and partial specific volume of CI2.  This similarity provides confidence that CI2 
can be treated as a sphere.  Next, we examine the effects of macromolecular 
crowders where diffusion can deviate from the Stokes Laws.  
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The synthetic polymers generate negative deviation for both translational 
and rotational diffusion (Figure 3.2B and C).  That is, diffusion is affected less 
than predicted by the Stokes Laws.  Furthermore, the polymers impede CI2’s 
translational motion more than its rotational motion.  Proteins have the opposite 
effect (Figure 3.2D-F).  They cause positive deviation for rotational diffusion and 
either positive or no deviation for translation.  Also in opposition to observations 
on synthetic polymers, rotational diffusion is impeded more than translational 
diffusion.  Consistent with our conclusion that protein crowders severely impede 
rotation, we are unable to acquire rotational diffusion data in 300 g/L solutions of 
lysozyme, ovalbumin and lysates because the resonances broaden beyond 
detection. 
To our knowledge, there is only one report on the rotational diffusion of a 
protein in solutions crowded with proteins.143  In that report, the test protein 
apomyoglobin shows negative deviation, which is opposite to what we observe.  
If negative deviation were general, we would expect to observe high-quality 
HSQC spectra in solutions crowded with globular proteins and in cells.  This 
expectation, however, is not fulfilled; solutions crowded by globular proteins yield 
poor-quality or no spectra (Figure 3.1), and none of the five globular proteins we 
have studied by in-cell NMR yield useful spectra.16  Others report findings similar 
to ours.6, 84  Perhaps apomyoglobin is not a good model protein because it is not 
completely globular.150 
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Figure 3.2G shows that diffusion in cell lysates is similar to diffusion in 
solutions crowded by proteins.  This similarity suggests that concentrated 
proteins solutions are physiologically relevant models. 
3.3.4 Relaxation Data   
The average 15N line width [1/(πT2)] of backbone CI2 resonances in 
different crowders was assessed from relaxation data (Figure 3.3).  The average 
width increases with glycerol concentration.  The resonances broaden in PVP 
and Ficoll.  The widths are larger in solutions crowded by proteins, and similar to 
the widths obtained in cell lysates.  Linewidth, however, is affected by both 
viscosity and binding.  The product of longitudinal relaxation rate R1 (1/T1) and 
transverse relaxation rate R2 (1/T2) can be made independent of viscosity (see 
Discussion) and is hence a good method for assessing weak binding.52  A 
histogram of the average R1R2 values for various crowders is shown in Figure 3.4.  
Smaller average values are observed for glycerol and synthetic polymers than for 
protein crowders and the cell lysates. 
 
3.4 Discussion 
3.4.1 CI2 is Invisible in HSQC Spectra in Cells, at High Protein 
Concentrations, and in Cell Lysates   
Even in a 350 g/L glycerol (93 Da) solution, which has a relative 
macroscopic viscosity of 2.9, the CI2 spectrum looks like it does in dilute solution 
(Figure 3.1A).  The viscosities of synthetic polymer solutions are 10 times larger 
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than those of glycerol at similar g/L-concentrations (Table 3.2), yet we still obtain 
typical CI2 spectra (Figure 3.1B and C). 
Using proteins as crowding agents leads to dramatically different results.  
The spectral quality is extremely low in concentrated protein solutions (Figure 
3.1D-F), despite the fact that these solutions have viscosities similar to those of 
the glycerol samples, and 10-fold lower than those of the synthetic polymers.  
The spectra are so severely degraded in BSA that only CI2 glutamine and 
asparagine side-chain resonances and a few backbone resonances are detected.  
Backbone resonances are completely absent in spectra acquired with lysozyme 
and ovalbumin.  The side-chain resonances are observed because they have 
internal motion that is independent of overall rotational motion.55  Importantly, we 
observe the same effect with cell lysates (Figure 3.1G), suggesting that our 
results are biologically relevant.  Our results are also consistent with those from 
in-cell NMR experiments, where resonances become too broad to give useful 
HSQC spectra.6, 42, 52, 53   
We cannot blame bulk viscosity for the poor quality of the spectra in 
protein solutions because the viscosities are far lower than those of the synthetic 
polymers.  We also can rule out inhomogeneity as a factor because the solutions 
are homogenous.  To understand the difference between the effects of synthetic 
polymers and proteins, we used NMR to quantify CI2 diffusion. 
3.4.2 Synthetic Polymers and Proteins Have Opposite Effects   
The synthetic polymers PVP and Ficoll are much larger than CI2 (Table 
3.1).  At the concentrations used here (≥100 g/L), molecules of these polymers 
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overlap to form a mesh.151  If the chemical interactions between the polymers 
and CI2 are extremely weak, we expect CI2 to experience less than the 
macroscopic viscosity.  This expectation is borne out (Figure 3.1B and C).  We 
also note that PVP and Ficoll slow CI2’s rotational diffusion less than its 
translational diffusion.  This result is expected because rotation in the mesh 
should be easier than translation through the mesh.  It is interesting to compare 
the PVP results to the Ficoll results.  The stronger deviation observed in Ficoll is 
expected because its molecule weight is larger (Table 3.1).  It is also of interest 
to estimate the apparent size of CI2 from Dr/Dt as described above for glycerol 
solution.  In 200 g/L solution of synthetic polymers, the apparent radius is 1.1 nm 
in PVP and 1.0 nm in Ficoll, which, assuming a partial specific volume of 0.73 
mL/g, corresponds to apparent molecular weights of 4.7 and 3.6 kDa, 
respectively.  Thus, CI2 acts like a smaller protein in solutions of synthetic 
polymers.   
Assuming that nonspecific, noncovalent chemical interactions between the 
proteins and CI2 are extremely weak, the concentrated solutions of globular 
proteins should act like a collection of spheres.  Negative deviation is also 
expected for these systems as long as the protein remains mobile.  Inert spheres 
should remain mobile up to near the close-packing limit, which for practical 
purposes occurs at a volume occupancy of ~64%.152  The volume occupancy 
here is only ~21% at the highest concentrations (300 g/L).  Nevertheless, we 
observe not the expected negative deviation but positive deviation for rotational 
diffusion and positive or negligible deviation for translational diffusion for proteins 
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solutions (Figure 3.2D-F) and in cell lysates (Figure 3.2G).  This strong 
attenuation of rotational diffusion does not depend on the size or charge of the 
protein (Table 3.1), suggesting the generality of our results.  We suggest that the 
dramatically different effects of synthetic polymers and proteins arise because of 
nonspecific, noncovalent chemical interactions between the proteins and CI2.  
We also estimated the effective size of CI2 under these conditions from Dr/Dt.  In 
200 g/L protein solutions, the apparent radius of CI2 is 2.5 nm in BSA and 2.4 nm 
in lysozyme, corresponding to apparent molecular weights of 56.7 kDa and 45.4 
kDa, respectively.  These apparent molecular weights are more than 7 times 
those calculated from CI2’s amino acid sequence.  The increase in size suggests 
that CI2 interacts with other proteins in solutions.  Put another way, even weak 
favorable interactions between CI2 and the protein crowders should lead to the 
observed larger effects on rotation compared to translation because rotational 
diffusion depends on volume, r3, while translational diffusion depends only on 
size, r. 
3.4.3 Relaxation Data Indicate Nonspecific, Noncovalent Chemical 
Interactions Involving Proteins   
NMR is useful for investigating weak protein interactions in dilute 
solution153 and under crowded conditions.52  The simplest quantitative 
experiment is to examine the average resonance widths under different 
conditions.  We used T2 data to assess line widths [1/(πT2)].  Favorable 
interactions between CI2 and the crowders will broaden resonances by impeding 
rotation.  The data in Figure 3.3 show not only that widths increase with crowder 
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concentration, but also that protein crowders have the most dramatic effect.  
Lysozyme, ovalbumin, and lysates have such a strong effect that we can only 
estimate the widths at the highest concentration.  The data are consistent with 
the presence of favorable CI2-crowder interactions, especially between the 
protein crowders and CI2.  Unfortunately, width also increases with viscosity, so 
this method alone cannot provide definitive information on CI2-crowder 
interactions. 
T1 and T2 are affected by viscosity, global correlation time, and 
temperature, but Kneller et al.60 showed that the product of 1/T1 and 1/T2 (R1R2) 
is constant when the product of the Larmor frequency and the global correlation 
time is much greater than unity at a given temperature and magnetic field.  In 
addition, the protein must lack extensive millisecond internal motion, which is 
known to be true for CI2.148  This viscosity independence makes R1R2 a useful 
tool for assessing intermolecular interactions.52   
The R1R2 data are shown in Figure 3.4.  Provided CI2 has a rotational 
correlation time >7 ns (assured by the viscosity of all our samples), R1R2 should 
equal 19.6 s-2 at 600 MHz for unbound CI2.52  As we have shown, R1R2 values 
from 19.6 s-2 to 24.0 s-2 are consistent with CI2 dimerization.52  Larger values 
indicate involvement in larger assemblies, most likely with the crowding 
molecules.52 
The average value of R1R2 data for glycerol and the synthetic polymers 
(Figure 3.4) are consistent with extremely weak interactions with CI2.  
Nevertheless this sensitive method indicates that interactions in PVP are 
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stronger than interactions in Ficoll.  We cannot state with certainty that these are 
exclusively CI2-PVP interactions, but NMR pulsed-field gradient experiments 
indicate that CI2 can be no more than a dimer in solutions containing 300 g/L of 
40 kDa PVP.97  
Protein crowders give different results and show that they interact more 
strongly with CI2.  The R1R2 values in concentrated protein solutions and in 
lysates exceed those for monomeric or dimeric CI2 and depend strongly on 
crowder protein concentration.  In summary, the data point to a nonspecific 
affinity of proteins for one another as the source of the difference between the 
diffusion of CI2 in solutions crowded with synthetic polymers and proteins.  The 
chemical origin of these noncovalent interactions may reside in the local 
distribution of complementary CI2-protein charges and in the repeating nature of 
polypeptide amide nitrogen H-bond donors and carbonyl oxygen acceptors. 
Although proteins interact more strongly with CI2 than do synthetic 
polymers, results of previous work show that the dissociation constant for CI2-
protein complexes is large, 10 mM or greater.52  Another indication that these are 
weak interactions is that the value of R1R2 does not depend in a predictable way 
on the charge of the crowding protein (Table 3.1).  Most importantly, our data 
show that even weak protein-protein interactions severely impede rotation.  
 
3.5 Conclusions   
The intracellular environment is crowded and inhomogeneous, and weak 
interactions are a special and critical feature of living cells.122  For instance, weak 
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interactions are thought to organize metabolic paths and protein-protein 
interaction networks.154, 155  The importance of weak protein-protein interactions 
under crowded conditions has also been highlighted in a recent computational 
study and a recent review of the crowding literature.62, 156  Our study provides 
quantitative data supporting these hypotheses and methods for assessing weak 
but physiologically important interactions. 
From a practical point of view, the results explain why 15N-1H HSQC 
spectra of globular proteins are difficult to detect in cells.42, 46  Although we 
focused on a single protein, our difficulty in observing in-cell HSQC spectra of 
five globular proteins suggests that weak interactions are universal.16  Augustus 
et al. also suggest that weak interactions between proteins and DNA result in 
disappearance of the MetJ spectrum in 15N HSQC experiments.6  The fact that 
synthetic polymer crowders and globular proteins have such different effects on 
diffusion suggests that synthetic polymers may not be the best choice for 
modeling the effects of the intracellular environment on protein diffusion. 
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3.6 Tables 
 
 
 
 
Table 3.1 Properties of CI2 and crowders 
 Molecule Molecular Weight, kDa pI Charge at pH 5.4 
CI2 7 6.5 Cation 
    
Glycerol 0.09 NA* Neutral 
PVP 40 NA Neutral 
Ficoll 70 NA Neutral 
    
Lysozyme 15 11.0 Cation 
Ovalbumin 45 4.6 Anion 
BSA 66 4.7 Anion 
 *NA: Not Applicable 
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Table 3.2 Translational and rotational diffusion coefficients for CI2 
Crowder Viscosity Translation Rotation  R1R2 
Crowder g/L cP 10-7 cm2/sec 107 rad2/sec s-2 
Buffer - 1.0 15.51 4.07 13.8 
      
Glycerol 350 2.9 5.17 1.36 16.2 
Glycerol 420 3.8 4.13 1.07 17.1 
      
PVP 100 7.6 4.24 2.03 18.4 
PVP 200 21.5 1.87 1.14 22.1 
PVP 300 53.8 0.95 0.58 29.5 
      
Ficoll 100 2.5 5.33 2.49 15.6 
Ficoll 200 9.8 2.59 1.89 18.0 
Ficoll 300 24.3 1.32 1.22 20.7 
      
Lysozyme 100 1.3 5.12 0.65 33.3 
Lysozyme 200 1.6 3.86 0.52 40.3 
Lysozyme 300 3.9 1.39 - - 
      
Ovalbumin 100 1.4 9.02 1.06 23.1 
Ovalbumin 200 2.0 6.76 0.82 28.8 
Ovalbumin 300 4.5 3.14 - - 
      
BSA 100 1.5 8.18 1.05 22.3 
BSA 200 2.5 5.51 0.64 36.1 
BSA 300 4.8 2.66 0.36 - 
      
Lysate 100 2.5 7.07 1.17 24.3 
Lysate 200 3.6 3.97 0.58 38.7 
Conditions for glycerol, PVP and Ficoll: 50 mM acetate buffer, pH 5.4, 25 oC.  
Conditions for BSA, ovalbumin, lysozyme: 200 mM acetate buffer, pH 5.4, 25 oC. 
The PVP data have been published.53   
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3.7 Figures 
 
Figure 3.1 15N-1H HSQC- spectra of CI2 solutions under crowded conditions.  
15N-1H HSQC- spectra of CI2 solutions (1 mM, 25 oC, pH 5.4) containing 350 g/L 
glycerol (A) and 300 g/L PVP (B), Ficoll (C), lysozyme (D), ovalbumin (E), BSA 
(F), and E. coli lysate (G). The backbone structure of PVP is shown in panel B. 
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Figure 3.2 Ratio of translational and rotational diffusion coefficients of CI2 
under crowded conditions. 
Ratio of translational (squares) and rotational (circles) diffusion coefficients of CI2 
in dilute buffer (Db) to its diffusion coefficients in crowded solutions (Dc) (25 oC, 
pH 5.4) containing glycerol (A), PVP (B), Ficoll (C), lysozyme (D), ovalbumin (E), 
BSA (F), and E. coli lysate (G) as a function of relative viscosity (Glycerol: green, 
200 g/L; blue, 350 g/L, cyan, 420 g/L. Other crowders: red, 50 g/L; green, 100 g/L; 
blue, 200 g/L; cyan, 300 g/L.).  The smooth curves are polynominal fits of no 
theoretical significance.  The dashed lines illustrate the unitary slope and origin-
intercept expected for Stokes Laws.  Points below and above dashed line 
indicate negative deviations and positive deviations, respectively.  The 
uncertainties are smaller than the symbols. The PVP data have been 
published.42, 53   
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Figure 3.3 Average widths of CI2 backbone amide 15N resonances under 
crowded conditions. 
Average widths of CI2 backbone amide 15N resonances (25 oC, pH 5.4) derived 
from T2 measurements [line width = 1/(πT2)].  The starting point of Y-axis 
represents the average line width in dilute solution. The arrows indicate that the 
widths in 300 g/L are too broad to observe.  Glycerol concentrations are given in 
the legend to Figure 3.2. 
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Figure 3.4 Histograms of average R1R2 values for CI2 under crowded 
conditions. 
Histograms of average R1R2 values for CI2 in solutions of glycerol, synthetic 
polymers, globular proteins, and E. coli lysates (25 oC, pH 5.4).  The dashed line 
is the theoretical maximum value for monomeric CI2 in the absence of 
conformational exchange.52  Glycerol concentrations are given in the legend to 
Figure 3.2. 
 
 
 
 
 
 
Chapter 4 – Macromolecular Crowding and Protein Stability  
 
The material in this chapter is from:  
  Wang Y, Sarkar M, Smith AE, Krois AS, and Pielak GJ, Macromolecular 
crowding and protein stability, Submitted 
(YW and GJP designed research; YW and SAE performed research; YW, MS, 
and GJP analyzed data; ASK helped prepare the samples; YW and GJP wrote 
the paper.) 
 
4.1 Introduction 
The cellular interior is exceptionally complex and contains 
macromolecules at concentrations exceeding 300 g/L and volume occupancies 
of 30%.1 This crowded environment is vastly different from the dilute, idealized 
conditions usually used in biophysical studies.  The consequences of 
macromolecular crowding157 on globular protein stability arise from two 
phenomena:158 the excluded volume effect and nonspecific chemical interactions.  
First, we describe the equilibrium thermodynamics of stability and then discuss 
the parameters in terms of crowding. 
The stability of globular proteins can be defined as the standard-state free 
energy change, ΔGo’D, of the reaction159 
N D                                                       (1)           
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where N is the biologically active native state and D is the denatured state.  ΔGo’D 
can be dissected into its enthalpic, ΔHo’D, and entropic, ΔSo’D, components 
       Δ = Δ − Δ' ' ', , ,
o o o
DT DT DTG H T S                                           (2) 
where T represents the absolute temperature. For globular proteins, ΔHo’D,T and 
ΔSo’D,T are temperature dependent160 such that 
( )Δ = Δ + Δ −' ', , ref
o o
DT DT p refH H C T T                                   (3) 
  
⎛ ⎞
Δ = Δ + Δ ⎜ ⎟
⎝ ⎠
' '
, , lnref
o o
DT DT p
ref
TS S C
T
                                    (4) 
where Tref is the reference temperature and ΔCp is the heat capacity change 
upon denaturation.  Substituting equations (3) and (4) into equation (2) gives 
   ( )
⎡ ⎤⎛ ⎞
Δ = Δ − Δ −Δ − +⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦
' ' '
, , , lnref ref
o o o
DT DT DT p ref
ref
TG H T S C T T T
T
                (5) 
where ΔGo’D is zero at the temperature Tm where the concentrations of N and D 
are equal.  Inspection of equation (2) shows that at Tm, ΔSo’D,Tm equals 
ΔHo’D,Tm/Tm, such that equation (5) can be converted to 
        ( )
⎡ ⎤⎛ ⎞ ⎛ ⎞
Δ = Δ − −Δ − +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
' '
, , 1 lnm
o o
DT DT p m
m m
T TG H C T T T
T T
                   (6) 
Figure 4.1 shows a plot of ΔGo’D versus T for the small globular protein.  
The curvature arises because ΔCp is non-zero (increasing ΔCp narrows the 
curve), leading to a temperature of maximum stability, Tmax, and two values for 
Tm.  The higher Tm is the more pertinent one because the lower Tm is usually 
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below the freezing point of the solution. Changing the parameters affects curve’s 
shape and location.  Increasing or decreasing ΔSo’D translates the curve down or 
up, respectively, whereas the opposite is true for ΔHo’D.  Of course, these 
translations also affect Tm.   
Macromolecular crowding may affect ΔHo’D, ΔSo’D or both. The excluded 
volume component of macromolecular crowding arises because the crowding 
molecules decrease the space available to the protein being studied.  Application 
of Le Chatelier’s principle shows that volume exclusion favors N because this 
form occupies less space than D.  In its purest form, volume exclusion is entirely 
entropic because it involves only the arrangement of molecules, not their 
interaction. A crowder that acts solely by excluded volume decreases ΔSo’D, 
which translates the curve of the ΔGo’D versus T plot up, increasing Tm.  The 
original formulation of macromolecular crowding theory158 and, until recently, 
most work has stressed only excluded volume.8, 12, 44, 54, 62, 161, 162  The other key 
phenomenon, nonspecific chemical interactions, can be attractive or repulsive.  
Repulsive interactions will be stabilizing because repulsion increases the 
apparent excluded volume. Nonspecific attractions, because they involve not 
only the formation of non-covalent bonds but also the associated changes in 
solvation, could either increase or decrease ΔHo’D and ΔSo’D.163 
Little is known about how crowding actually affects ΔHo’D and ΔSo’D.  To fill 
this gap, we used NMR-detected amide 1H exchange experiments164 to obtain 
these parameters under crowded conditions.  We chose ubiquitin (pI 6.4) as the 
test protein because it folds in a two-state manner,106 and its unusually high Tmax 
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allowed us to estimate ΔCp. For synthetic crowders, we chose the uncharged 
polymers polyvinylpyrrolidone (PVP) and Ficoll because their effects on proteins 
are known to arise from their macromolecular natures.165, 166 For more 
biologically relevant crowders, we chose two globular proteins, bovine serum 
albumin (BSA) and lysozyme.  PVP, Ficoll, and the two proteins were used at 
concentrations of 100 g/L, which, although lower than the macromolecular solute 
concentration in cells, is the highest concentration that allows acquisition of high-
quality data. 
 
4.2 Methods 
4.2.1 Protein Expression and Purification  
The pET-46 plasmid (Novagen) containing the gene for histidine-tagged 
ubiquitin8 was transformed into BL-21 (DE3-Gold) competent Escherichia coli 
cells (Stratagene). The transformants were spread onto Luria Broth agar plates 
containing 0.1 g/L ampicillin.  Liquid Luria-Bertani (LB) media (100 mL containing 
1 g Bacto-Tryptone, 0.5 g Bacto-yeast extract, and 1 g NaCl in H2O) containing 
0.1 g/L ampicillin was inoculated with a single colony of ubiquitin-expressing E. 
coli cells and incubated overnight at 310 K with shaking at 250 rpm. The next 
morning, this pre-culture was pelleted (Sorvall RC-3B, H6000A rotor,1600 g). 
One L of 15N enriched M9 media (6 g Na2HPO4, 2 g glucose, 3 g KH2PO4, 0.5 g 
NaCl, 1 g 15NH4Cl, 2 mM MgSO4,10 µM CaCl2) containing thiamine HCl (1 mg/L) 
and ampicillin (0.1 g/L) was used to resuspend the cell pellet. This culture was 
incubated at 310 K with shaking until its optical density at 600 nm reached 0.8. 
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Induction was then initiated by adding isopropyl-β-D-1-thiogalactopyranoside to a 
final concentration of 1 µM. Induction was allowed to proceed for 4 h, whereupon 
the culture was centrifuged at 1600g and the pellet frozen.  
The pellet was resuspended in 20 mL of buffer (50 mM Na2HPO4, 500 mM 
NaCl, 30 mM imidazole, pH 7.6). Cells were lysed by sonic dismembration for 10 
min (Fisher Scientific, Sonic Dismembrator Model 500, 14% amplitude, 2 s pulse, 
3 s rest). The lysate was centrifuged at 14000g for 30 min, and the supernatant 
retained. Streptomycin sulfate (0.2 g) was added with stirring on ice for 30 min, 
followed by centrifugation at 14000g for 30 min. The supernatant was forced 
through a sterilized 0.22-µm filter. The ubiquitin was purified by Ni2+-affinity 
chromatography on an AKTA FPLC (GE Healthcare). The column was washed 
with 60 mL of low imidazole buffer (50 mM Na2HPO4, 500 mM NaCl, 30 mM 
imidazole, pH 7.6), and then eluted with 80 mL of high imidazole buffer (50 mM 
Na2HPO4, 500 mM NaCl, 500 mM imidazole, pH 7.6). The pure fractions (as 
assessed by SDS-PAGE) were pooled, dialyzed against H2O and subjected to 
size exclusion chromatography (Superdex 200 10/300) using water as eluent. 
The protein was then lyophilized.  
4.2.2 NMR  
Amide proton exchange experiments were performed as described by 
Miklos et al.164 on a 600 MHz Varian Inova spectrometer equipped with a 
standard triple-resonance HCN probe and three axis gradients. The 1H 
dimension was acquired with a sweep width of 12000 Hz and comprised 1024 
complex points. The 15N dimension was acquired with a sweep width of 2500 Hz 
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and comprised 64 complex increments. Each experiment required two samples, 
an optimization sample and an exchange sample. Optimization samples of 1 mM 
ubiquitin in 50 mM sodium phosphate, pH 5.4, with 15% D2O were used for shim 
adjustment and pulse width calibration.  pH values were obtained from direct 
meter readings, uncorrected for the isotope effect.167 Exchange samples 
contained 1 mM ubiquitin and 50 mM sodium acetate buffer, pH 5.4, and were 
made with 99.9% D2O. 
Ficoll, BSA, and lysozyme were exchanged in D2O prior to use (PVP has 
no exchangeable protons). One gram of each was suspended in 10 mL of D2O.  
Exchange for 36 h at 310 K was followed by lyophilization overnight. The dried 
samples were again suspended in 10 mL of D2O and the process repeated. 
Twenty to twenty-four consecutive HSQC spectra168, 169 were acquired per 
exchange sample. Processing was performed with NMRPipe.104 Assignments 
have been described.113 Crosspeak volumes were plotted against time and fit to 
exponential decays by using NMRViewJ105 to yield values of kobs, the rate of 
exchange for the a particular residue.  
4.2.3 Amide 1H Exchange and Protein Stability  
Exchange occurs via the scheme shown in equation (7):170, 171 
𝑐𝑙 − 𝐻 !!"!!"𝑜𝑝 − 𝐻 !!"#!! 𝑜𝑝 − 𝐻! !!"!!"𝑐𝑙 − 𝐻!                      (7) 
where cl - 1H is the amide proton in N, which opens and closes with rate 
constants kop and kcl.  op - 1H is the open, exchange competent state. For 
ubiquitin at pH values < 8.5, kcl is much larger than kint,172, 173 such that the free 
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energy required to expose an amide proton (ΔGo’op) can be determined using the 
equation 
         Δ = − = − = −' ln ln lnopo obsop op
cl int
k kG RT K RT RT
k k
                          (8) 
where R is the gas constant, kobs is the observed rate constant of exchange, and 
kint is the rate constant for an amide proton in a peptide lacking stable structure174. 
Values of kint were calculated using the program SPHERE174. The crowders do 
not change kint.164, 166   
The standard deviation of ΔGo’op, ~2.0 kcal/mol, was not from random 
error; the reproducibility, determined by repeating one condition (298 K) three 
times, was within 0.1 kcal/mol (Table 4.9), consistent with our previous efforts.164, 
166  Instead, the uncertainty arose from systematic error.  Specifically, the values 
of kint, which are determined using peptides,174, 175 are probably not exactly 
correct for the denatured state of any particular protein.  Support for this idea 
comes from the observation that the standard deviation dropped 10-fold for 
DDGo’D between solution in the absence of crowding agent and in 100 g/L PVP at 
323 K, which does not involve the use of kint.  Fits to equation (6) were performed 
with Origin (OriginLab, Northampton, MA, USA).  
 
4.3 Results 
Amide 1H exchange data can be analyzed to yield the free energy 
required to expose an amide 1H to exchange with solvent, ΔGo’op.171  We focus on 
the global protein stability, ΔGo’D, which we define as the average of ΔGo’op 
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values from 10 residues that are exposed only on global unfolding.  These 
residues were identified previously by combining data from stopped flow and 
NMR experiments.172, 173, 176  All experiments were performed at pH 5.4 in 50 mM 
sodium acetate buffer.  The datasets are given in the Supporting Information. 
The ΔGo’D versus temperature data for ubiquitin are plotted in Figure 4.1. 
Table 4.1 shows the parameters calculated from the least-squares fit of these 
data to equation (6).  The value of ΔCp, 1.4 kcal/mol·K, exactly matches the value 
obtained previously from calorimetry.106, 177  The Tm in dilute solution, 381 K, is 
close to that obtained from calorimetry (373 K) at neutral pH.178, 179  The slight 
deviation is due to the difference in conditions − D2O increases Tm180 −, our use 
of a his-tagged protein, and the extrapolation from the temperatures at which the 
data were acquired.  
We first examined the stability of ubiquitin in 100 g/L solutions of 40 kDa 
PVP.  The ΔGo’D versus temperature curve is shown in Figure 4.2, and the fitted 
parameters are given in Table 4.1.  The main effect of PVP was to increase Tm. 
Increasing the PVP concentration shifted the curve even further to the right 
(Figure 4.3).  The data from analysis of ubiquitin stability in 70 kDa Ficoll (Figure 
4.2) support the idea that the increased Tm is a general result for synthetic 
polymers.  The broader curve in Ficoll compared to that in the absence of 
crowding arises from the diminution of ΔCp (Table 4.1). 
To study the effect of more biologically relevant crowders, we examined 
the stability of ubiquitin in 100 g/L solutions of lysozyme (15 kDa, pI 11.0) and 
BSA (67 kDa, pI 4.7). To avoid denaturing BSA (Tm ≈338 K)181 experiments were 
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performed only up to 323 K.  As shown in Figure 4.4, crowding by lysozyme 
increased Tm, ΔSo’D,Tm, ΔHo’D,Tm, and ΔCp compared to the parameters in buffer 
alone.  BSA also increased ΔSo’D,Tm, ΔHo’D,Tm and ΔCp, but decreased Tm.  
 
4.4 Discussion 
The simplest interpretation of theory predicts that macromolecular 
crowding will always stabilize proteins because crowders enhance the 
representation of compact forms of the protein in the denatured state ensemble.  
This enhancement decreases ΔSo’D and increases both ΔGo’D and Tm.  Inspection 
of Figure 4.2 and Figure 4.4 show that the real situation is much more complex.  
Crowding can be stabilizing or destabilizing depending on both the nature of the 
crowding agent and the temperature. 
4.4.1 Analysis at a Common Temperature 
Uncovering the origin of these effects requires analysis of the temperature 
dependence of protein stability in terms of well established equilibrium 
thermodynamic principles.182  Until now, studies have focused on only the high 
temperature portion of the melting curve, well above Tmax.  This narrow focus 
obviated assessment of ΔCp, and, hence, ΔSo’D and ΔHo’D could not be compared 
at a common temperature.  Ubiquitin’s high Tmax offered the opportunity to 
observe the curvature in stability-versus-temperature plots and, hence, the 
estimation of ΔCp.  Using equation (6) we then calculated ΔGo’D, ΔHo’D, and 
TΔSo’D values under crowded conditions at a common temperature, Tm of 
ubiquitin in the absence of crowders.  The values are shown in Table 4.2.  
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4.4.2 Excluded Volume Appears to Dominate for Uncharged Synthetic 
Polymers 
Synthetic polymers are the most widely used crowding agents.  Our 
analysis of the PVP and Ficoll data is consistent with the prediction that crowding 
decreases ΔSo’D, yet not all of the decrease is reflected in the increased ΔGo’D.  
The fact that NMR relaxation data indicate that PVP and Ficoll are relatively inert 
toward protein54 lead us to suggest that the compensatory changes in ΔHo’D arise 
from intramolecular native state interactions that persist in the crowder-
compacted denatured state ensemble; a conclusion consistent with others 
work.183 
4.4.3 Effects of Protein Crowders Depend on Charge 
Proteins are more biologically relevant than synthetic polymers.  To test 
the effect of a positively charged protein on ubiquitin stability, we used lysozyme 
as a crowder.  Both lysozyme (pI 11.0) and ubiquitin (pI 6.4) are polycations 
under our conditions, which means the molecules repel each other.  As shown in 
Table 4.2, lysozyme’s effect on the stability arose from the same combination of 
changes in ΔHo’D and ΔSo’D as observed for PVP and Ficoll. We conclude that 
nonspecific repulsive chemical interactions support the excluded volume effect, 
which in turn favors a more compact ensemble of denatured states. 
Results obtained in the presence of negatively charged BSA contradict the 
idea that macromolecular crowding always increases stability (Table 4.2). The 
decrease in ubiquitin stability we observed in the presence of BSA is consistent 
with our study of chymotrypsin inhibitor 2161 and studies of protein stability in 
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cells.126, 127  Our ability to study the temperature dependence of ΔGo’D allowed us 
to identify the source of this destabilization.  As shown in Table 4.2, the result 
was not subtle; changes in ΔHo’D and ΔSo’D in BSA were of the opposite sign 
compared to those for PVP, Ficoll, and lysozyme. The BSA-induced 
destabilization cannot arise from a lack of an excluded volume effect; all the 
crowders used here occupy 7-8% of the solution volume.166, 184, 185  The decrease 
in stability due to the presence of BSA, therefore, must result from cancellation of 
the excluded volume effect. 
Under the conditions used here, ubiquitin is a polycation, BSA (pI 4.7) is a 
polyanion, and therefore the two proteins should attract each other.  We suggest 
that the inherent nonspecific attractive interactions cancel the effect of volume 
exclusion.  Three observations support this idea.  NMR relaxation studies52, 54 
and molecular dynamics simulations61 studies show that BSA interacts with 
chymotrypsin inhibitor 2. Third, the destabilization of chymotrypsin inhibitor 2 in 
BSA can be alleviated by increasing the concentration of NaCl.161  In summary, 
nonspecific attractive chemical interactions can overcome the stabilization 
induced by excluded volume.  These results show that the charge of the 
macromolecular crowding agent plays a key role in determining the effect of the 
crowder on protein stability.   
 
4.5 Summary and Biological Implications. 
Both excluded volume and nonspecific chemical interactions must be 
considered when predicting the stability of a protein under crowded conditions.  
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The overall effect depends on the winner of the nearly evenly matched battle 
between excluded volume and nonspecific chemical interactions.  Our results 
indicate that synthetic polymers, which are widely used to mimic the crowded 
cellular environment, are unsuitable for providing insight into the biological effects 
of crowding.  The results also have important implications for understanding 
cellular chemistry.  The stability of a protein inside cells can be tuned by the 
charge and size of surrounding proteins.  Quoting Spitzer and Poolman,48 “the 
cytoplasm is a highly anisotropic and structured environment, in which many 
proteins carry out their functions as multimeric complexes at specific subcellular 
locations.”  Given the tight competition between excluded volume and 
nonspecific chemical interactions, altering the intracellular environment at certain 
“addresses” could be used to regulate key protein functions such as transcription, 
translation, replication, and segregation.186-189  
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4.6 Tables 
 
 
 
 
 
 
 
 
Table 4.1 Thermodynamic parameters and Tm values 
Co-solutea Tm ΔH
o’
D,Tm ΔSo’D,Tm ΔCp  
K kcal/mol kcal/mol·K kcal/mol·K  
None 381 ± 17 95 ± 13 0.25 ± 0.05 1.4 ± 0.5   
PVP 389 ± 27 95 ± 16 0.25 ± 0.06 1.4 ± 0.6  
Ficoll 435 ± 52 89 ± 12 0.21 ± 0.05 0.9 ± 0.5  
Lysozyme 395 ± 16 113 ± 9 0.29 ± 0.03 1.6 ± 0.4  
BSA 374 ± 2 155 ± 2   0.42 ± 0.01 3.3 ± 0.2  
a Co-solute concentrations were 100 g/L. 
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Table 4.2 Change in thermodynamic parameters at the Tm in the absence of 
crowder 
Co-solutea  ΔΔG
o’
D,c-d ΔΔHo’D,c-d TΔΔSo’D,c-d 
 kcal/mol kcal/mol kcal/mol 
PVP  2 -11 -13 
Ficoll  8 -53 -61 
Lysozyme  4 -5 -9 
BSA  -3 85 88 
aCo-solute concentrations were 100 g/L. 
Change in thermodynamic parameters: crowded minus no crowding agent. 
Tm in the absence of crowder is 381 K. 
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Table 4.3 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in dilute solution  
Residue 288 K 298 K 308 K 318 K 323 K 
V5 4.78 6.09 7.19 7.91 7.47 
L15 6.24 6.99 7.78 6.91 7.75 
V17 5.29 6.86 6.83 7.54 7.20 
D21 6.49 7.97 8.66 9.18 8.15 
V26 4.49 3.46 7.19 8.07 7.75 
K27 7.19 8.42 7.88 8.61 8.14 
A28 6.07 7.23 8.34 9.29 - 
K29 7.60 8.00 8.21 9.18 8.50 
I30 3.59 5.66 7.95 7.55 - 
I44 - 5.65 6.23 6.97 6.84 
ΔGo’D 5.8 ± 1.3 6.8 ± 1.5 7.6 ± 0.8 8.1 ± 0.9 7.7 ± 0.5 
ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard deviation of 
the mean. 
Condition: 50 mM sodium acetate, pH 5.4. 
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Table 4.4 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in 100 g/L PVP 
Residue 288 K 298 K 308 K 313 K 323 K 
V5 4.28 6.42 6.49 7.53 7.68 
L15 6.24 6.64 6.65 7.27 8.02 
V17 - 6.13 6.12 7.49 7.76 
D21 5.99 7.63 8.39 9.16 8.48 
V26 5.12 - 6.86 7.80 8.25 
K27 - 6.88 7.45 8.66 8.14 
A28 - 7.26 8.49 9.27 - 
K29 4.70 7.16 7.74 8.72 8.47 
I30 4.56 5.37 6.05 7.39 8.07 
I44 4.32 5.60 - 7.04 7.35 
ΔGo’D 5.0 ± 0.8 6.6 ± 0.8 7.1 ± 0.9 8.0 ± 0.8 8.0 ± 0.9 
The ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard 
deviation of the mean. 
Condition: 50 mM sodium acetate, pH 5.4.  
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Table 4.5 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in 200 g/L PVP 
Residue 298 K 308 K 313 K 318 K 323 K 328 K 
V5 - 5.96 6.75 8.82 7.98 7.82 
L15 5.69 6.50 6.87 7.67 8.44 7.95 
V17 5.30 6.33 6.65 7.12 7.79 7.73 
D21 6.98 8.28 8.08 8.87 8.76 7.51 
V26 9.91 6.50 7.62 8.76 8.39 7.81 
K27 6.83 7.28 7.64 8.17 8.79 8.41 
A28 7.26 8.39 8.19 8.97 8.86 7.62 
K29 - 7.39 8.00 8.61 8.63 7.57 
I30 2.95 4.50 6.61 8.87 8.00 7.27 
I44 4.61 5.23 6.00 8.39 7.41 7.49 
ΔGo’D 6.2 ± 2.1 6.6 ± 1.2 7.2 ± 0.8 8.4 ± 0.6 8.3 ± 0.5 7.7 ± 0.3 
The ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard 
deviation of the mean. 
Condition: 50 mM sodium acetate, pH 5.4.  
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Table 4.6 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in 100 g/L Ficoll 
Residue 288 K 298 K 308 K 318 K 323 K 328 K 
V5 4.64 5.85 7.37 8.47 9.06 9.22 
L15 6.24 7.18 7.17 6.35 6.91 6.71 
V17 1.91 7.16 6.93 8.30 8.68 9.34 
D21 6.40 7.76 8.58 8.61 9.63 9.57 
V26 5.12 4.62 9.25 8.45 9.44 9.71 
K27 - 3.29 8.59 8.85 9.62 9.68 
A28 5.70 7.45 8.43 9.35 9.74 9.67 
K29 9.61 8.88 8.77 9.56 9.50 9.67 
I30 4.31 4.31 8.26 8.43 8.99 9.03 
I44 2.57 5.62 6.55 8.04 8.32 8.61 
ΔGo’D 5.2 ± 2.3 6.2 ± 1.8 8.0 ± 0.9 8.4 ± 0.9 9.0 ± 0.9 9.1 ± 0.9 
The ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard 
deviation of the mean. 
Condition: 50 mM sodium acetate, pH 5.4.  
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Table 4.7 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in 100 g/L lysozyme 
Residue 288 K 298 K 308 K 318 K 323 K 328 K 
V5 - 6.70 6.78 8.03 9.06 8.54 
L15 - 6.51 6.65 8.21 9.14 8.99 
V17 5.66 4.84 6.44 7.98 8.58 8.59 
D21 3.51 7.32 8.28 9.70 9.96 9.30 
V26 4.47 5.08 8.83 8.84 9.33 8.93 
K27 2.67 5.96 8.07 9.43 9.88 9.41 
A28 6.89 6.78 8.34 9.81 10.07 9.41 
K29 2.58 10.90 9.06 9.44 9.65 9.07 
I30 3.93 4.57 - 8.12 8.89 8.92 
I44 3.58 3.78 5.49 8.04 8.69 8.61 
ΔGo’D 4.2 ± 1.5 6.2 ± 2.0 7.6 ± 1.2 8.8 ± 0.8 9.3 ± 0.5 9.0 ± 0.3 
The ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard 
deviation of the mean. 
Condition: 50 mM sodium acetate, pH 5.4.  
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Table 4.8 ΔGo’op (kcal/mol) values for globally exchanging ubiquitin residues 
in 100 g/L BSA 
Residue 298 K 308 K 318 K 323 K 
V5 - 6.29 8.13 8.95 
L15 5.90 6.23 7.85 9.00 
V17 0.99 6.23 7.81 8.42 
D21 7.09 8.28 9.68 9.15 
V26 5.25 6.43 8.45 9.23 
K27 2.41 7.18 8.91 9.62 
A28 3.64 7.78 9.78 9.26 
K29 2.06 7.57 9.11 9.44 
I30 5.10 - 7.91 8.60 
I44 2.14 4.70 7.23 8.62 
ΔGo’D 3.8 ± 2.1 6.7 ± 1.1 8.5 ± 0.9 9.0 ± 0.4 
The ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard 
deviation of the mean. 
Condition: 50 mM sodium acetate, pH 5.4.  
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Table 4.9 ΔGo’op (kcal/mol) for three trials for globally exchanging ubiquitin 
residues in dilute solution at 298 K  
Residue Trial 1 Trial 2 Trial 3 Average 
V5 6.26 6.38 5.64 6.09 ± 
0.40 L15 6.99 7.26 6.70 6.99 ± 
0.28 V17 6.01 7.40 7.16 6.86 ± 
0.74 D21 7.84 8.14 7.93 7.97 ± 
0.16 V26 - 2.85 4.08 3.46 ± 
0.87 K27 7.17 8.69 9.40 8.42 ± 
1.14 A28 7.38 7.42 6.88 7.23 ± 
0.30 K29 7.23 8.53 8.23 8.00 ± 
0.68 I30 7.45 4.65 4.88 5.66 ± 
1.56 I44 5.70 5.59 5.66 5.65 ± 
0.06 
ΔGo’D 6.9 ± 0.7 6.7 ± 1.9 6.7 ± 1.6 6.8 ± 0.1 
ΔGo’D is the average ΔGo’op values, and its uncertainty is the standard deviation of 
the mean. 
Condition: 50 mM sodium acetate, pH 5.4. 
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4.7 Figures 
 
 
 
 
 
 
Figure 4.1 Stability of ubiquitin as a function of temperature. 
The curve is a fit of the data to equation (6). The solid curve indicates the range 
measurable by NMR-detected amide proton exchange.  Experiments were 
performed in 50 mM sodium acetate, pH 5.4. 
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Figure 4.2 Thermal stability curves in solutions containing 100 g/L PVP and 
100 g/L Ficoll. 
The black curve shows the stability in buffer without crowding agent (from Figure 
4.1). Red, 100 g/L PVP; blue, 100 g/L Ficoll.  Experiments were performed in 50 
mM sodium acetate, pH 5.4. 
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Figure parameters 
Co-solute Tm ΔH
o’
D, Tm ΔSo’D, Tm ΔCp  
K kcal/mol kcal/mol·K kcal/mol·K  
200 g/L 
PVP 
394 ± 63 96 ± 42 0.24 ± 0.15 1.4 ± 1.6  
 
Figure 4.3 Thermal stability of ubiquitin in 200 g/L PVP. 
The black and red curves show the stabilities in dilute solution and in 100 g/L 
PVP, respectively (from Figure 4.1 and Figure 4.2).  Olive, 200 g/L PVP.  
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Figure 4.4 Thermal stability curves in solutions containing 100 g/L bovine 
serum albumin and 100 g/L lysozyme. 
The black curve shows the stability in buffer without crowding agent (from Figure 
4.1).  Green, 100 g/L bovine serum albumin; magenta, 100 g/L lysozyme.  
Experiments were performed in 50 mM sodium acetate, pH 5.4. 
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